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Preface 


INTRODUCTION 


During the last three decades there have been dramatic changes in the steel 
industry in terms of the quality of products, processing technology, energy 
efficiency, labor productivity, and environmental protection. This progress is 
the result of the adoption of new technologies that are the fruits of efforts in 
research and development. As in other industries, the direction of research 
and development in the steel industry is determined by scientific knowledge, 
economic forecast, and the state of the art of technology. The branch of 
science which is the foundation of pyrometallurgy, including major operations 
in the steel industry, i.e., reduction, refining, and solidification, is high- 
temperature physical chemistry. It consists of the equilibrium as well as 
nonequilibrium phenomena of physicochemical processes, i.e., the chemical 
side of process metallurgy. 

At the present time, metallurgy has become a part of Materials Science. 
Consequently, there are fewer metallurgists on faculty in academic institu- 
tions. In addition, the once prominent role of the metals industry in national 
economies is declining in industrialized countries to the point where fewer 
research engineers are employed in the industry. It is the responsibility of 
senior research scientists to synthesize the abundant literature we have so that 
the complex information available can be put into a form that will enable the 
next generation to take this branch of science as well as the metals industry to 
new heights. 

The scope of this book is limited to selected topics within the field of 
‘physical chemistry of iron and steelmaking’ that are relevant to reduction, 
refining, and solidification steps in the steel industry. The authors, who are 
the leaders in the field, had graduate students and research engineers in mind 
as typical readers of this book while preparing the text. 

Practicing engineers, innovators, and managers in technology development 
hopefully will read and consult this book for inspiration and to check the 
soundness of their ideas. 


OVERVIEW OF THE BOOK 


The book consists of three parts: thermodynamics, kinetics, and industrial 
Systems. Each part has an overview written by an editor. 
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Thermodynamics 


Phase equilibria and thermodynamic activities are common to all metallurgi- 
cal processes from the treatment of ores through to the finished product and 
are essential from all points of view, whether to describe closely the final stage 
for a system that reaches equilibrium in relatively short times, or to evaluate 
the driving forces that govern the course of the reactions. Thermodynamic 
aspects of the two main types of phases, metal and slag, are treated in Chapter 
1 by Chang and Chen, and in Chapter 2 by Sano. 

The use of solution models is essential for the description of multicompo- 
nent systems encountered in all industrial metallurgical reactors. They are 
presented by Pelton in Chapter 3. 


Kinetics 


The reaction kinetics in metallurgical reactors can be subdivided into two 
broad categories and are presented by Lu in Chapter 7, which is devoted to 
kinetics and mechanisms of heterogeneous reactions. The categories are: (1) 
those involving only solids among the condensed phases, such as those 
occurring in the upper part of the blast furnace and in prereduction units; 
and (2) those involving one or several liquid phases in which transport is 
strongly accelerated by natural or forced convection. Since homogeneous 
reactions are usually considered as very fast in the temperature range of most 
of these reactors, kinetic limitations result (i) from the time delay due to 
mixing process and to the transport time to bring reacting species to the 
interface, as developed by Guthrie, in the fluid mechanics chapter (Chapter 
4), and (ii) from interfacial reactions between gases and liquid alloys and slags 
involving either only transport inside boundary layers, or true interface 
phenomena retarding or accelerating mass transfer as detailed in Chapter 6 
by Belton. 

Some reactors involve solid and liquid phases together and thus combine 
the complexity of the two previous categories. This is particularly the case for 
the melting zone of the blast furnace, and for the solidification phenomena 
involved during casting. In the latter case, concerning solidification, funda- 
mental aspects are analyzed in Chapter 5 by Flemings. 

It is probably in the description of interfaces, and how their areas and 
morphologies evolve as a function of time, that the largest efforts remain to be 
made. The range of magnitude of equilibrium values of interfacial properties 
is relatively well known for most industrial systems, and is often sufficient for 
many practical evaluations. However, the most important problems arise 
when coupling phenomena occur between mass transfer intensity and inter- 
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face morphology. This is particularly encountered in solidification, and in 
very fast liquid-liquid reactions. 


Industrial systems 


Two chapters concern general aspects of process modeling and analysis of 
metallurgical reactors: one is devoted to process modeling, integrating all local 
phenomena into the overall process (Chapter 8 by Thomas and Brimacombe); 
the other considers the reactor as a whole and provides an evaluation of its 
efficiency in order to define a strategy for optimization (Chapter 9 by Engh). 

The last three chapters illustrate the application of all the previously 
described aspects of physical chemistry to industrial processes and include 
ironmaking reactions (Chapter 10 by Steiler); iron smelting and steelmaking 
reactions (Chapter 11 by Fruehan); and solidification rate in casting processes 
(Chapter 12 by Schwerdtfeger). 

In these chapters devoted to examples of industrial processes, each of the 
systems considered seems completely different from the others; however, 
several of the physical chemistry tools developed in the first part of the book 
are common to them. These include the following: 


* The evaluation of equilibrium state that limits the driving force of the 
reactions. The equilibrium state may be described globally or locally. 

* Interfacial reactions of surfaces and all types of interfaces—liquid-liquid, 
liquid-gas, liquid-solid—including interfacial heat and mass transfer and 
the geometric description of them. 

* Local reaction kinetics. 

* Fluid mechanics and transport phenomena in each type of phase, i.e., 
liquid, solid, and gas, to evaluate a macro reaction rate. 


All these aspects are interdependent yet have to be integrated for each major 
part of the reactor and for the whole, taking into account heat and mass 
balances. 
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THERMODYNAMICS 


Overview 


Nobuo Sano 


Chapters 1 to 3 are devoted to describing the chemical thermodynamics 
involved in metallurgical processes. Thermodynamic concepts are very 
important since they show the final states of any kind of. physical and chemical 
changes, including the driving force of the change and its direction. 

Chapter 1 is on solution thermodynamics with emphasis on metallic 
systems. This topic is very common in any metallurgical thermodynamic 
textbook, but the feature of this chapter is that, as an application, the principle 
in describing a phase reaction or a phase diagram is described in detail for 
computer calculation. This feature is continued throughout Chapter 2, in 
which a variety of solution models are described with many examples of 
calculation applied to slag and glass systems. 

Measurement of the thermodynamic properties of those systems is trouble- 
some and tedious work, so that only for very few multicomponent systems 
encountered in practice have they been directly determined. In order to cope 
with this situation, we must somehow estimate them by making assumptions. 
For example, the activities of the components of a ternary system may be 
calculated using a model in conjunction with information on the three binary 
systems concerned. Today computers are common and useful tools for this 
Purpose and without them actual calculation could not be accomplished 
because they can handle tremendous numbers of operations. 

Chapter 3 shows examples of data for slag systems that have been measured 
with the consumption of much manpower and time. 

Some data may be corrected by calculation, models may be modified by 
comparing the calculated results and actual data, or some parameters needed 
for calculation are extracted from data. In this way the models can be refined 
for the estimation of thermodynamic properties of systems that have never 
been measured. We hope that readers will learn how to estimate them through 
reading these chapters and make use of this technique in applications to the 
systems of interest to them. 


Thermodynamics of metallic 
solutions 


Y. Austin Chang and Shuang-Lin Chen 
Department of Materials Science and Engineering, University of Wisconsin, 
Madison, Wisconsin, USA 


l.l. INTRODUCTION 


This chapter deals with the basic thermodynamic relationships governing 
solution thermodynamics and the application of these relationships to materi- 
als systems focusing primarily on those of interest to metallurgists and 
metallurgical engineers. However, the general methodologies used are 
equally applicable to other materials systems such as semiconductors and 
ceramics. Since development of the basic laws of thermodynamics and 
derivations of the basic thermodynamic relationships have been given in 
numerous text and reference books (Wagner, 1952; Darken and Gurry, 1953; 
Lewis et al., 1961; Denbigh, 1966; Swalin, 1972; Gokcen, 1975; Gaskell, 
1981), they will not be repeated in detail in this chapter. Instead, brief 
derivations will be made with specific references cited. In general the reader 
is recommended to consult any of the references cited above for the basic 
thermodynamic principles and relationships. Specifically, the treatment of 
Denbigh (1966) is suggested for the development of the laws of thermo- 
dynamics, and that of Darken and Gurry (1953) for the derivations of the basic 
solution thermodynamic relationships. 

The major change that has been taking place during the past decades in 
solution thermodynamics is the availability of personal computers (PCs) and 
standard commercial software to solve nonlinear mathematical problems. 
While many of the more complex solution thermodynamic problems were 
not amenable to slide rules or calculators for solution, they can readily be 
Solved nowadays using PCs with one of the commercial software packages or 
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more specific software developed primarily for materials scientists and 
engineers. Some of the examples given in this and subsequent chapters will 
reflect the technological changes that have made impacts in this field. 
Undoubtedly, the manner in which solution thermodynamics is taught and 
used currently and in the future will be different from that in the days of 
Darken and Gurry (1953). 


1.2. THERMODYNAMIC RELATIONSHIPS OF 
SOLUTION 


1.2.1. Gibbs-Duhem Equation and Relationship 
Between the Partial and Integral Thermodynamic 
Quantities 


"The thermodynamic state for a pure substance at constant temperature T and 
pressure P is defined. In other words, any of the thermodynamic functions for 
a pure substance, such as the Gibbs energy G, enthalpy H, internal energy E, 
entropy S, volume V, etc., is a function only of T and P. However, with the 
addition of other components to form a solution, (c — 1) degrees of freedom 
are introduced, with c being the number of components. In addition to T and 
P, it is necessary to specify the amounts of these components. The two basic 
thermodynamic equations which relate the partial and integral thermo- 
dynamic properties of the solution are (Darken and Gurry, 1953) 


H 
y= » niYi a1) 
i 
and 
£ = 
Yonay;=0 (1.2) 
psi 
Equation 1.2 is the well-known Gibbs-Duhem relationship at constant T and 
P. The term Y' represents any extensive thermodynamic property of a 
multicomponent system such as G', H', E', etc.; n; is the number of moles of 
component i and Y; is the partial thermodynamic property of component i 


Equations 1.1 and 1.2 can be also written in terms of mole fractions x; as 


Y-Y xy (1.3) 
=! 
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and 
S aay =0 (1.4) 
i=l 


where Y = Y'/55,., nj. Following the method of Chen et al. (1994) and 
starting with Equation 1.3, the following equations expressing Y; in terms of 
Y are obtained: 


E 295) 4 
Yi-Y-» x= (1.5) 
» ax; 
and 
5 £ aY OY 
Yi-Y-) + i= 2, 3,..., T 
— xj ax; * a; G e) (1.6) 
The above equations are obtained choosing x2, x3, ..., x, as the independent 


composition variables. For a binary system, c = 2, the above equations reduce 
to 


ay 
YieY-x (.7) 
and 

" dY 

Srl hae pom (1.8) 


The general relationships given by Equations 1.5 and 1.6 or the specific 
relationships given by Equations 1.7 and 1.8 are of practical utility since they 
allow us to obtain the partial quantities from the integral quantities. 
Conversely, when the partial quantity for one of the components in a binary 
alloy js known over the entire composition range, we can obtain the partial 
quantity of the other component from the Gibbs-Duhem relationship and 
thus the integral quantities. However, before discussing some of the practical 
methods for making these calculations, it is instructive to discuss the solution 
behavior of alloys, first for a Raoultian solution, then a Henrian solution, 
next a regular solution, and lastly a real solution. This discussion should give 
us a better intuitive appreciation of the solution behavior of alloys and some 


Physical insights into the relationships between the integral and partial 
Quantities. 
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1.22. Raoult's Law, Henry's Law, and Regular Solutions 


1.2.2.1. Raoult's law (ideal solution) 


Few if any alloys behave truly like an ideal solution, except for the component. 
solvent at infinite dilution. Nevertheless, the concept of an ideal solution is so 
simple that it provides us with an intuitive feeling about the thermodynamic 
driving force for the formation of a solution from its component elements. For 
an ideal solution, there is no difference in the chemical interaction between 
like and unlike atoms. If we consider only the first nearest-neighbor inter- 
action, the bond energy between the like atoms is the same as that between 
the unlike atoms. Let us now write the following chemical reaction for the 
formation of component B in a binary alloy at a specific composition x2 from 
its pure state with T and P held constant 


B(pure) = B(soln., x2) (1.9) 


In this chapter, we will normally use the subscripts 1 to denote component A 
and 2 component B. Using the general relationship between the Gibbs 
energies of reaction and the activity quotient (Darken and Gurry, 1953), we 
have 


(AG3),, — 0 + RT In(a2),, (1.10) 


for the above reaction. The term R is the universal gas constant and (a2), is 
the activity of the component B at xz. In most cases throughout this chapter, 
the subscript xz for quantities like (AGz),,, and (a2)x, is omitted. 

For an ideal solution, 


a= = =x; (@=1, 2) (1.11) 


where P; is the partial pressure of the component i at a composition of x; and 
Pj the vapor pressure of pure component i at the same T and P. 

Thus, we may write down the partial Gibbs energies of the component 
elements for an ideal solution as 


AG =RT lnx; (¢=1, 2) (1.12) 


Using standard thermodynamic relationships among G, H, E, S, and V, we 
obtain the following expressions for AH, ASH and AV for an ideal 
solution: 


AH =0 (1.13) 
ASH = -R In x, (1.14) 


Thermodynamics of metallic solutions 9 


and 
AV,-0 (1.15) 


In view of Equation 1.3, we have the following integral thermodynamic 
quantities for an ideal solution: 


AG" -RTY x nx; (1,16) 
= 
AH“ =0 (1.17) 
as“ = -RÝ Cs: Inxj) (1.18) 
el 
and 
Ay“ =0 (1.19) 


These results are to be expected from a microscopic point of view. Since 
interactions between like and unlike atoms are the same, there should not be 
any enthalpy and volume effect. However, this is not true for the change in 
Gibbs energy and entropy, for which the driving force is due to the natural 
tendency for mixing of atoms in order to attain the state of complete 
randomness. 

The compositional dependencies of the integral and partial Gibbs energies 
of a binary ideal solution normalized by the quantity RT are shown graphi- 
cally in Fig. 1.1. As shown in this figure, the normalized ideal Gibbs energy of 
mixing is symmetrical with respect to composition; it attains a minimum value 
of —0.693 at the equal atomic composition and approaches 0 at the pure 
component elements. On the other hand, the partial quantities change much 
more markedly with composition owing to the logarithmic term involved. It 
approaches 0 as the composition approaches unity and becomes — as the 
composition approaches 0. The compositional dependencies of the integral 
and Partial entropies for an ideal solution are the same as those of the Gibbs 
energies normalized by RT except that the sign is positive in contrast to the 
case for the normalized Gibbs energies. 

x The fact that the solvent of an alloy at infinite dilution behaves ideally was 
WP observed experimentally by Raoult (1887). This behavior is referred to in 

'e literature as Raoult’s law and is understandable from a microscopic point 
of view. Even if a solution does not behave like an ideal solution over the entire 
n poeitinnal range, as the solute concentration becomes vanishingly small, 
iy most of the nearest-neighbor atoms for a solvent atom are also 

vent atoms. Accordingly, there is practically no interaction between these 
atoms and Raoult’s law is obeyed. 
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Figure 1.1 Compositional dependencies of the integral and partial Gibbs 
energies for a binary ideal solution. 


1.22.2. Henry's law (dilute solution) 


In addition to Raoult's law behavior for the solvent component as its 
composition approaches unity, there is another limiting law for the solute. 
This is Henry's law, which states that the activity of the solute becomes 
proportional to its composition at infinite dilution, 


aic ky (1.20) 


where k is Henry's law constant. Using the Gibbs-Duhem relationship for a 
binary solution, Equation 1.4, it can readily be shown that when the solute 
obeys Henry's law, the solvent must obey Raoult's law. However, the reverse 
is not necessarily true. As shown later in section 1.2.3, Equation 1.20 is an 
imprecise definition of Henry's law. More precisely, Henry’s law may be re- 
stated as saying that the coefficient & reaches a finite value as the concentration 
of the solute approaches zero. 


1.2.2.3, Regular solution 


The first attempt used to approximate real solution behavior is the regular 
solution model proposed by Hildebrand (1929). This model assumes that 
there is interaction between unlike atoms which makes a contribution to the 
enthalpy of mixing; but at the same time the interaction is not so strong—the 
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entropy of mixing still follows that of an ideal solution. Accordingly, the 
Gibbs energy of mixing or formation of such a binary alloy is 

AG = exıx2 + RT(x; Inx + x2 In x2) (1.21) 


where the first term on the right-hand side represents the enthalpy of mixing 
and the second term the ideal entropy of mixing according to Equation 1.18 
for the binary case. The term ¢ is the regular solution parameter. In view of 
Equations 1.7 and 1.8, the partial Gibbs energies of the component elements 
can readily be obtained from Equation 1.21 as 

AG; = &(1 — x)? + RT Inx; (@=1, 2) (1.22) 


‘The parameter £ can be related to the interaction enthalpy of a pair of unlike 
atoms relative to the average enthalpy of like atom pairs, as given in detail in 
Swalin (1972). 


1.2.3. Excess Thermodynamic Quantities 


Using the ideal solution as a frame of reference, an excess thermodynamic 
quantity, denoted as “xs,” is introduced. This is done by expressing a solution 
thermodynamic property as the sum of two parts, 


Vinee eye (1.23) 


The relative thermodynamic property for the formation of one mole of atoms 
of an alloy from its component elements is 


AY - Y" 4 y - yx y (1.24) 
i=l 
The corresponding relative partial quantity for component j is 
AY; = YP + YNY ou 


The term Y? denotes the thermodynamic property of component i in the 
standard state. Accordingly, the excess partial Gibbs energy of component i is 


GP = RT In(a,/x;) = RT In y; (1.26) 

= vis the activity coefficient of component i. For a regular solution, in 
ew of Equation (1.22), the above equation reduces to 

GP =e(1— xy (1.27) 


et to Equation 1.27, as x,+0, (G™),,.9 > € and (dGP/dx)), 9 > 
cem “he second limiting condition at infinite dilution is not in accord with 
tion 1.20, an imprecise definition of Henry's law, for which the first 
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derivative of the excess partial Gibbs energy with respect to composition 
would approach zero as x; — 0. However, from an experimental point of view, 
the excess partial Gibbs energy of the solute would appear to be constant as 
x; — 0 within the scatter of the data. 


1.2.4. Real Solutions 


It is convenient to describe the deviations of a real solution from the ideal 
behavior in terms of the compositional dependencies of the a-function. This 
function is defined as (Darken and Gurry, 1953; Hultgren et al., 1973) 


|. GF RT ny 
"UTEP q-x) 
For an ideal solution, a; is 0; for a regular solution a; is a constant which may 
be positive or negative. For a real solution, æ; varies nonlinearly with 
composition. However, for the case when a; varies linearly with composition, 
a two-parameter model is needed. This type of model is referred to in the 
literature as a subregular solution model. When a; varies nonlinearly with 
composition, more than two parameters are needed. It has been suggested that 
the name subsubregular solution model (Chuang et al., 1984) be used when 
three parameters are used. Figures 1.2 and 1.3 show values of the «-function 
and the corresponding function in terms of the enthalpy of mixing, i.e., 
AH/[xi(1 — x;)], for several liquid alloys. From the relationships between the 
partial and integral quantities, it is straightforward to show that when the 
excess partial Gibbs energy is normalized by the quantity (1— x;), the 
integral quantity should be normalized by the quantity x,(1 — x;). 

Itis clear from the compositional dependencies of x; and AH /[x,(1 — x;)] for 
several selected alloys shown in Figs 1.2 and 1.3, the regular solution model is 
not able to describe the solution behavior for most real solutions quantita- 
tively. On the other hand, except for the liquid Te-Sn alloys (Hsieh et al., 
1983), the behavior of the other alloys can be described either by the regular 
solution model or an extension of this model with additional composition 
dependent terms. 

Many forms of equations have been proposed to represent the excess Gibbs 
energy and the reader is referred to some of the general references given at the 
end of this chapter for details. However, all of the polynomial equations given 
in the literature are mathematically equivalent. In other words, the para- 
meters can readily be converted from one form of the equation to another. The 
most frequently used expression in the metallurgical literature nowadays is 
that proposed by Redlich and Kister (1948): 


" 
G” =m YL — xa)! (1.29) 
4-9 


(21,2) (1.28) 


Qi 
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Figure 1.2 Values of the a-function for several liquid alloys. The smoothed 
values are taken from the literature: Fe-Cu (Chuang et al., 1984), Ni-Cr 
(Chuang and Chang, 1986), Pb-Sn (Fecht et al., 1989), Al-Zn (Chen and Chang, 
1993), AI-Mg (Zuo and Chang, 1993), and Te-Sn (Hsieh et al., 1983). 


Equation 1.29 is referred to as the Redlich-Kister equation. When n — 0, we 
have the regular solution model with Lo =£; when n — 1, we have the 
subregular solution model; and when n = 2, we have the sub-subregular 
Solution model. In principle, we can use more than three parameters at 
constant T and P. However, inclusion of the fourth parameter may cause a 
mathematical artifact which would not represent the true behavior of the 
solution. It can readily be shown mathematically that the -function may have 
Heu e inflection when four parameters are introduced. In developing a 
ERN ve Aen ome every attempt should be made not to use more than 
eiie hi i constant temperature to represent the excess Gibbs 
n id ti Misi Gace the thermal part of the Gibbs energy of alloys. 
sais A ey consist of two Parts, i.e., the enthalpy and thermal entropy 
At high a ‘cordingly, in practice these parameters are temperature dependent. 

‘emperatures, i.e., higher than the Debye temperatures, two terms in 


temperature i i 
to entropy, are often sufficient, one corresponding to enthalpy and the other 
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Figure 1.3 Values of the function AH/(xix;) for several liquid alloys. The 
smoothed values are taken from the literature: Cu-Ni (Chakraborti et al., 1991), 
Al-Zn (Chen and Chang, 1993), Fe-Ni (Chuang et al., 1986), Cu-In (Kao et al., 
1993). 


1.3. PHASE EQUILIBRIA OF SIMPLE BINARY 
SYSTEMS 


1.3.1. Regular Solution Model 


The regular solution model was introduced in section 1.2.2.3. Even though it 
does not satisfactorily describe the solution behavior of real alloys, it can be 
used readily from a pedagogical point of view to show the interrelationship 
between the characteristic features of phase equilibria and the relative 
stabilities of phases in an alloy system, i.e., the relative values of the regular 
solution parameters of the phases. 

In this section, the relationship between the critical temperature of a 
miscibility gap 7; and the regular solution parameter will be presented. It is 
evident from Equation 1.21 that when the parameter value : is positive, the 
G versus xz curve will not be convex from x2 = 0.0 to x; = 1.0at T < Te 
Figures 1.4(a-f) show the G (H, —TS) versus x2 curves for a regular solution 
with e = 12.5 kJ/mol at 850, 751.7, 700, 600, 500, and 400 K, respectively. 
The Gibbs energy values of the two component elements in their standard 
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states are taken to be 0. It is evident from these figures that the G versus x2 
curves at the two highest temperatures are convex everywhere, indicating that 
the single phase is stable over the entire composition range. However, at lower 
temperatures the G versus x2 curves exhibit two minima and a maximum, due 
to the fact that H is independent of temperature but (—TS) becomes less 
negative with decreasing temperature. In other words, the stability of the 
single phase at high temperatures is dominated by the entropy term. The G 
versus x2 curves at the four lowest temperatures show that the single phase 
would undergo phase separation to two phases. The resulting miscibility gap 
obtained from the G versus x2 curves is shown in Fig. 1.5. The symbols a and 
x” are used to denote the two phases exhibiting the same crystal structure but 
with different lattice parameters. At low temperatures a’ and x" are stable; 
with increasing temperature they become a single phase at the critical 
temperature for this miscibility gap, i.e., T, = 751.7 K. 

By examining the compositional dependencies of G, dG/dx2, d?G/dx2 and 
d^ G/dx3, we can show that £ = 2RT,. The curves corresponding to 500 K are 
shown in Figs 1.6(a-d). At the compositions denoted by “ʻa”, “c,” and “e”, 
dG|dx; = 0; likewise at compositions denoted by “b” and “d”, d?G/dx3 = 0. 
Atx = “c,” Gis a maximum; at x; = “a” or e," G is a minimum. In fact, 
the compositions at “a” and “e” correspond to those of the miscibility at 
500 K as shown in Fig. 1.5. An examination of the Gibbs energy curves shows 
that the five compositions denoted by “a” to “e” approach a single critical 
composition, x?., as T approaches T.. This means dG/dx;, d?G/dx3, and 
dG/ dà are 0 at this temperature and composition. Applying these conditions 
to Equation 1.21, we obtain x; = 0.5 and 


e = 2RT. (1.30) 


Also shown in Fig. 1.5 as a dashed curve is the locus of compositions where 
d?G/dx3 = 0. This curve is the spinodal curve and is important in the study of 
phase transformations of alloys. Let us now refer to this figure to explain the 
significance of this curve. When a single-phase alloy with a gross composition 
between the spinodals at a high temperature, i.e., T > T., is brought to a lower 
temperature within the miscibility gap, this alloy becomes thermodynamically 
unstable. It would undergo spontaneous decomposition locally, leading 
eventually to the equilibrium phases o'(x) and a"(x7). This can be under- 
stood by studying the G versus x; curve at a T < T, given in Fig. 1.7. As 
shown in this figure, owing to the concave nature of the G versus X2 curve 
between the spinodal compositions the Gibbs energy of the single-phase alloy 
is always higher than that of any two phases that can form from a decomposi- 
tion of this phase. One such two-phase mixture is shown in this figure with a 
dash-dotted line. On the other hand, when a single-phase alloy with a 
Composition between the miscibility gap and the nearby spinodal composition 
is brought to a T < T,, the situation is quite different. Owing to the convex 
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Figure 1.4 Values of G, H and (—TS) for a binary regular solution with 
£* = 12.5 kj mol” at six temperatures. 


nature of the G versus xz curve in this composition range, there would be an 
increase of the Gibbs energy when a single-phase alloy decomposes locally to 
form a two-phase mixture as also shown in this figure. In other words, there is 
an activation barrier prior to eventual decomposition of the single-phase alloy 
to the equilibrium phases o (x5) and o" (x7). This, of course, is contrary to 


the behavior of a single-phase alloy whose composition falls between the 
Spinodals. 


1.3.2. Relationship Between the Characteristic Features 
of a Binary Phase Diagram and the Relative Stabilities of 
the Phases 


Ves Be AA 


Component elements with the same crystal structure 


Figure 1.8(9) shows a binary phase diagram with both components A and B 
exhibiting th 


€ same crystal structure. Figure 1.8(b) shows the Gibbs energy 
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Figure 1.5  Miscibility gap for a regular solution with e* = 12.5 kJ mol ^ $ 


curves for the liquid (£) and solid (x) at 900 K. These curves shown are for 
case when liquid A and B are taken to be the standard state, i.e., °G{ = 
°G$ = 0. When the Gibbs energies of both phases are known, the 
tions of coexisting £ and « can be calculated. These Gibbs energies may 
represented by the equations given below: 


G! =G} g^ a3 
GF EGPOP" G=1,2) 


and 


G* = -((1 — x) AGT +x AGT] + G™4 + go 
Gt = AG” 4G? + Ge @=1,2) (l 
The superscript m in AG? and AG7 indicates they are the Gibbs energies of 
melting for components A and B. As shown in Figs 1.8(a,b), £ and « are 
equilibrium when the partial Gibbs energies of the component elements 
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Figure 1.6 Curves of G, deldxi; d?G/dx3, and d?G/dx3 vs x; for a regular 
Solution with e* = 12.5 kJ mol ' at 500 K. 
equal, ie., 
Gf os Gi. (i=1, 2) (1.35) 
Substitutin, 


t g Equations 1.32 and 1.34 into Equation 1.35 using the regular 
solution model to describe the excess Gibbs energy, we obtain the following 
conditional equations for the coexistence of £ and a, 


xt 
RP In —AsMT-T'es-xy-s0-3x* — 6-12) 036 
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Figure 1.7 A Gibbs energy vs x; curve to explain the metastable and unstable 
regions of the phase diagram at T < Te. 


When £ and x behave like an ideal solution, values of x; and x$ can be 
calculated directly from these equations provided the entropies of melting of 
the component elements, AS? and A57 and their melting points, T? and 
T7, are known. For such cases, the melting range of the alloys depends 
primarily on the entropies of melting of the components. Larger entropies of 
melting will result in larger melting ranges for the alloys. A simple exercise by 
the readers will show this indeed is the case! 

When the entropies of melting and the melting temperatures of the 
components remain the same, the characteristic features of the phase 
diagram are governed by the relative values of the regular solution para- 
meters for the £ and « phases. This is evident from Equation 1.36 which 
shows that the compositions of the coexisting phases are governed by the 
values of the regular solution parameters. Figures 1.9(a-f) show six simple 
phase diagrams for different combinations of £” and &' values. For the phase 
diagram shown in Fig. 1.9(a), &" =e; the freezing range increases with 
increasing solution parameter values and conversely decreases with decreas- 
ing parameter values. Ideal solution behavior is a special case of the phase 
diagram shown in Fig. 1.9(a). Many binary systems exhibit this type of phase 
diagrams such as Ag-Au, Ag-Pd, Cd-Mg, Co-Ni (Hultgren et al., 1973) and 
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Figure 1.8 (a) Phase diagram for a binary system with continuous solutions for 
ate the liquid and solid phases. (b) Gibbs energy curves for the liquid (/) and 
the solid (x) phases for the system shown in (a) at 900 K. The standard states are 
A(0 and B(t); i.e., *G* — 0, °G$ =0. 
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Ge-Si (Massalski et al., 1986). When comparing the phase diagram of Ge-Si 
with those of the metal binaries, the freezing ranges for Ge-Si alloys are 
much larger, owing primarily to the large entropies of melting for the two 
mental semiconductors. 

When s" « sf, maximum congruent melting occurs as shown in Fig. 
1.9(c). Two examples of such a system are the solid-liquid equilibrium 
between the hep phase and the liquid phase for Mo-Rh (Brewer and 
Lamoreaux, 1980) and that between the fcc phase and the liquid phase for 
Pb-T! (Hansen and Anderko, 1958). When we examine the system Ag-Au 
whose phase diagram is similar to that shown in Fig. 1.9(a) (Hultgren et al., 
1973) we note that the solid-liquid phase boundary tends toward a 
maximum value. This is the result of the fact that the enthalpy of mixing of 
solid (Ag,Au) alloys is more exothermic than that of the liquid alloys. But the 
solid alloys are not yet sufficiently exothermic to cause a maximum con- 
gruent melting for this system. On the other hand when the reverse is the 
case, Le. &" > &', minimum congruent melting occurs as shown in Fig. 
1.9(d). Binary Co-Pd, Co-Rh (Hansen and Anderko, 1958), and Cr-Mo 
(Hultgren et al., 1973) exhibit this type of phase diagram. However, when 
£" > e and in addition £” is also positive, we would have the phase diagram 
shown in Fig. 1.9(e) with a miscibility gap for the solid phase. One example 
of such a system is Au-Ni (Hultgren et al, 1973). With continuous 
increasing s” such that T“ intercepts the congruent melting point, we would 
then have a eutectic system as shown in Fig. 1.9(f). One example of such a 
system is Ag-Cu (Hultgren et al., 1973). 

Let us now return to the diagram shown in Fig. 1.9(a) when e* = ef, With 
continuous increasing &" at a point such that T® intercepts the solidus, a 
peritectic system would form as shown in Fig. 1.9(b). Binary Ag-Pt (Hansen 
and Anderko, 1958) and Co-Cu (Hultgren et al., 1973) exhibit this type of 
phase diagram. 

Phase diagrams of most real binary systems exhibiting a eutectic equili- 
brium such as Ag-Cu are similar to that shown in Fig. 1.9(f) with the 
maximum solubilities for the terminal solid solutions occurring at the eutectic 
temperature. However, there exist systems with a maximum solubility that 
Occurs at a temperature higher than the eutectic temperature such as Fe-Cu 
(Chuang et al., 1984) and Si-Cu (Thurmond and Struthers, 1953). This 


eli 


Figure 1.9 Characteristic features of phase diagrams for six simple binaries 
biet A and B exhibit the same crystal structure in terms of the relative values 
p the regular solution parameters for the æ and the £ phases. (a) 5" = cf. 

) Se and e*/2R > the solidus temperature. (c) e* < g‘. (d) e* > ef. (e)e* > £ 
ande? > 0. (f) & > ef and £7/2R > the congruent melting temperature. 
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Figure 1.10 (a) A binary phase diagram exhibiting a retrograde solubility 
with T"= 1000 K, Tz" = 100 K, T7^ = 10 K, T2^ = 500 K, ASP“ = ASM" = 
ASK” = ASR = 10] K=! mol-!, ef = I5 kj mol-!, &* = 8 kJ mol-!, and &^ = 0. 
(b) Entropy of mixing curves for the liquid and the x phases of (a) to show 
that the solubility increases at 613 K but decreases at 959.4 K. 
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phenomenon is referred to as retrograde solubility. It is due primarily to an 
increasing value of e^ relative to that of £“. The readers can easily convince 
themselves by changing the regular solution parameters to obtain a eutectic 
phase diagram with retrograde solubility for one of the terminal solid 
solutions. However, it may be instructive to present a thermodynamic 
treatment first suggested by Meijering (1960) for describing retrograde 
solubility. 

Meijering proposed to evaluate the temperature dependence of the solubi- 
lity for one of the terminal solid solutions designated as a, i.e., dx$/dT, at any 


temperature: 
‘dst S"—S' 
dx x$—xi 


If dx?/dT is negative, the solubility decreases with increasing temperature, a 
normal behavior. On the other hand, if dx2/dT is positive, the solubility 
increases. Retrograde solubility would occur! Since d?G*/d(x3)° is always 
positive for a stable (even a metastable) equilibrium, the sign of dx2/dT 
depends on the value of dS*/dx% versus that of (S* — S‘)/(x3 — x$). If the 
difference between these two quantities is positive, the solubility increases as 
temperature increases, resulting in a retrograde solubility! 

Let us next apply this equation to a eutectic system with retrograde 
solubility shown in Fig. 1.10(a). At T; 613 and T; 959,4 K, the 
solubilities of B in æ are the same. We wish to show that (d7/dx$)|7, is 
positive and (dT /dx$)|7, is negative. Since the entropy of mixing of solutions 
for alloys with weak interaction is not far from ideal, the ideal entropies of 
mixing for the « and £ phases are shown in Fig. 1.10(b), referring to solid A 
and B as the standard state. The entropies of melting of the component 
elements are taken to be 10 J K~' mol” '. The letters C, D, and E shown in 
Figs. 1.10(a) and (b) refer to the same compositions. It is evident from Fig. 
1.10(b) that dS"/dx? (shown as a dash-dotted line) is larger than 
(S* —5*)/(x$ — x$) at Ti, but smaller at 72, This means that dx2/dT is 
positive at T), resulting in an increase of solubility at T > T. But dx$/dT is 
negative at T2. Thus, a maximum solubility would occur between these two 
temperatures as shown in Fig. 1.10(a). The readers can again convince 
themselves that this approach works, for example, by taking the solution 
Parameters of the fcc and liquid phases in Cu-Fe given in the literature 
(Chuang et al., 1984). 


PG" 
d(xty 


dei 
aT 


(1.37) 


1.3.2.2. Component elements with different crystal structures 


In the previous section, we discussed the characteristic features of simple 
phase diagrams when both components exhibit the same crystal 
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Figure 1.11 (a) A eutectic binary system when the components have different 
crystal structures as A(x) and B(f). (b) Gibbs energy curves of the "e and fj 
phases at 500 K of (a) using A(f) and B(A) as the standard states, i.e., °G} = 0 and 
°G$ =0. 
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structure. In this section, we will extend our discussion of binaries for systems 
having component elements with different crystal structures. 

Figure 1.11(a) shows a simple eutectic system with A (x) and B (f). 
Although this phase diagram is similar to that shown in Fig. 1.9(f), the 
thermodynamic factor which is responsible for the occurrence of a eutectic 
equilibrium for this case differs from that shown in Fig. 1.9(f). In the 
present case, the Gibbs energies of transformation for both A and B from 
æ to f also contribute to the occurrence of the eutectic equilibrium. Shown 
in Fig. 1.11(b) are the Gibbs energy curves for liquid, x and f at 500K 
taking A(ff) and B(f) to be the standard states. In a similar manner as that 
by which we obtained Equations 1.31-1.34, we have the following equations 
for x and fj, 


G* = (1 — xDAG["" xt AGH) + Gt + Gus (1.38) 

Gi = AGP^* + God 4 Ge (@@=1,2) (139) 
and 

GP = G^ 4 g^» (1.40) 

G-GP.G i=, 2) (1.41) 


The conditional equations for the coexistence of the two phases are 


a 
RT In z = -AGF -P(x La (4-212) (142) 
xí 

Figures 1.12(a) and (b) show the effect of the regular solution parameter of 
P, a high-temperature phase, on the characteristic feature of a binary A-B 
phase diagram. While component B exists as x at low temperatures 
and transforms to f at 2500K, with an entropy of transformation of 
2.5 K^! mol", component A exists with one crystal structure B over the 
entire temperature range of interest. The assumption made here is that there 
is negligible solubility of A in B(a), indicating that the Gibbs energy of 
transformation for A from £ to x is extremely large and that the B-phase is a 
regular solution. When f behaves ideally, there is a two-phase equilibrium 
between fi and a and the solubility of B in A(ff) decreases smoothly with 
decreasing temperature as shown in Fig. 1.12(a). When f = 20 kJ mol`}, 
there still exists a two-phase equilibrium but the shape of the solubility curve 
of B in A(ff) tends to exhibit a point of inflection. This shape of the solubility 
Curve suggests that immiscibility is imminent at a slightly lower temperature. 
With further increasing values of £, a miscibility gap of the // phase does 
Occur, resulting in the formation of a monotectoid reaction as shown in Fig. 
1.12(b). Two cases are shown with £^ = 35 and 45 kJ mol. Also displaced in 
this diagram for the case of sf = 35 kJ mol”! are the spinodal curve for the 
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-phase miscibility gap and the metastable extension of the fj-phase boundary. 
The characteristic features of the phase diagram in Fig. 1.12 are similar to 
those involving a solid and liquid when the enthalpy of mixing of the liquid 
is highly endothermic. In other words, if we use a regular solution to 
approximate the liquid behavior, its solution parameter would be large and 
positive. Examples of binary systems that exhibit the type of phase diagrams 
shown in Fig. 1.12 are Ti (Hf, Zr)-Nb (Ta, V) (Hansen and Anderko, 1958; 
Rudy, 1969; Hultgren et al., 1973; Massalski et al., 1986). This is due to the 
fact that the group IV metals exhibit an hcp structure at low temperatures and 
transform to a bcc structure at high temperatures, while the group V metals 
exhibit only the bcc structure. 
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1.3.2.3. Systems with compound formation 
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The phase diagrams discussed in the previous two sections are some of the 
simplest phase relationships for binary systems. The occurrence of these 
diagrams is due to the fact that the components do not have strong 
interactions with each other. When strong interactions occur, intermetallic 
compounds are formed and the resulting phase equilibria are far more 
complex. However, the basic thermodynamic relationships governing the 
phase relationships are the same. In this section, we will discuss a case with 
only one intermediate phase at equal atomic composition. Such a phase 
diagram is shown in Fig. 1.13(a). The Gibbs energy curves at T; = 1000 K, 
which is just below the congruent melting point of the compound, ô, at 50 
at% B are shown in Fig. 1.13(b) using A(£) and B(/) as the standard states. It 
is evident from this figure that 
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Where the symbol 0.5- indicates that the composition is infinitesimally 
smaller than 0.5. The integral Gibbs energy of ô at T} is 


G = 056163 = 0.57) + 056304 = 0.57) = 0.5G| ,.-- 0.52 y+ (1.4) 


1400 


This means that when the Gibbs energy of the liquid phase is known, the 
Gibbs energy of 6 may be obtained provided the liquidus curve is known. It is 
noteworthy that the Gibbs energy obtained is referred to A(£) and B(£) since 
they are taken to be the standard state. In order to refer to A(2) and B(f) as the 


Standard State, we must know the Gibbs energies of melting of A and B. It is 
obvious from 
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Figure 1.12 Effect of solution behavior of a high-temperature phase f on 
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with AHS7? = 6250 J mol"! (a) &^ = ibbs energy of the liquid phase at 50 at% B is equal to that of ô. This 
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T=1000K 


Figure 1.13 (a) A binary phase diagram of A(x) and B($) with a congruent- 
melting phase ô at equal atomic composition. AS” = ASẸ = 10 J K! mol-', 
ef = —10 kJ mol-', AG’ = — 24000 + I5T J mol-'. The standard states are 
A(£) and B(é). (b) Gibbs energy curves of the liquid and 5 phases at T, = 1000 K 
of (a). (c) Activity of component B at T, = 1000 K of (a) using B(é) as the standard 
state. 


means when the Gibbs energy of ô is known, we can also obtain the Gibbs 
energy of the liquid phase at the congruent melting temperature and 
composition. 

Figure 1.13(c) shows the variation of the activity of B, a2, as a function of 
composition at 1000 K. The activity of B, a2, in the liquid phase increases 
gradually with increasing composition up to ait and then remains constant 
within the (£ + ô) two-phase field until x} = 0.57, it then increases almost 
abruptly to a much larger value at xj =0.5*. The activity then remains 
constant within the (6 + £) two-phase field at higher concentrations of B until 
x2"; it then increases gradually within the single-phase liquid until it reaches 
unity. The change of the activity values can easily be understood by examin- 
ing the Gibbs energy values shown in Fig. 1.13(b). Let us first focus on the 
stoichiometric composition of 6. When x} = 0.5-, G3 (which equals G1 at x3) 
is a large negative number. But when x} = 0.5*, G3 (which equals G$ atx3*) 
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is a small negative number. This is due to the shape of the Gibbs energy 
versus composition curve for 6 at the stoichiometric composition, resulting in 
a large change of the partial Gibbs energy with only an infinitesimal change in 
the composition of the compound. When G+ is large and negative, a; is small; 
when G$ is nearly zero, az is close to unity as shown in Fig. 1.13(c). When Gi 
changes from a large negative value to nearly zero as x changes from 0.5- to 
0.5*, G1 changes in an opposite manner from nearly zero to a large negati 
value. This means that the corresponding changes in the partial Gibb 
energies of A and B result in an essentially constant value of the integr 
Gibbs energy of ô. Once the abrupt change in the partial Gibbs energy v: 
in the compositional vicinity of stoichiometry for ô is understood, readers can 
readily understand the gradual change of the activity values in the si 
phase liquid. As shown in Fig. 1.13(b), the slope of any tangent to the int 
Gibbs energy versus composition curve in the liquid phase region J 
smoothly with composition. Accordingly, the partial Gibbs energies, which 
are the intercepts of the tangent lines at xz = 0.0 and 1.0, also change 
smoothly with either composition. 
Many binary systems exhibit the type of phase diagram shown in Fig. 
1.13(a), such as the III-V and II-VI systems with a semiconducting phase 
formed at equal atomic composition (Hansen and Anderko, 1958; Hultgren 
al., 1973; Massalski et al., 1986). Figure 1.14 shows a phase diagram for 
calculated by Sharma et al. (1987), which is in agreement with the experim 
phase equilibrium and thermodynamic data. The excess Gibbs energy of the 
liquid Ga-Sb phase is described by Equation 1.29 with a total of eight 
parameters and that of the GaSb phase is taken as a line compound with thre 
parameters. These parameters are given in the figure caption. As an e 
the readers may wish to take the liquid parameters and the known phat 
boundaries to calculate the Gibbs energy of formation of GaSb and c 
the calculated value with the equation given for the Gibbs energy of foi 
of GaSb. 
In the Ga-Sb system, the compound GaSb is taken to be a line comj 
In reality many of the intermediate compound phases have wide ranges of 
homogeneity, particularly for those with predominantly metallic behavior. 
Even for many compound semiconductors, their ranges of homogeneity 
temperatures approaching their melting points also become appreciable. 
such example is SnTe, which forms two eutectics with Sn and Te. 
thermodynamics of this compound have been modeled in terms of 
electronic defects and the phase diagram of the Sn-Te system has also bee 
calculated, as has that for Ga-Sb (Lin et al., 1986; Sharma and Chang, 1986). 
Phase equilibria of the systems presented so far have been rather simple i 
order to straie the interrelationships between the relative thermodynamic 
values of the phases in a system and its phase equilibria. Yet the b 
thermodynamic relationships governing the complex systems are the same S 


Thermodynamics of metallic solutions 33 


T(K) 
800 


GaSb 


PhO 0.2 0.4 0.6 0.8 1.0 
Ga XSb Sb 
Figure 1.14 Phase diagram of Ga-Sb calculated by Sharma and Chang (1986). 
AGE! = Gi, — "Gg, = 5589.82 — 18.4529T | mol; AGS" = *G$, — "G$, = 
198740 — 21.9868T | mol-'. The Gibbs energy of GapsSbos relative to Ga(c) 
and Sb(c) is: 


AG ,GrasSbos = —20 620.25 — 0.697 OST + 0.9213T In T J mol! 


The parameters for the excess Gibbs energy of liquid phase in the form of 
Equation 1.29 are 


Lo —17904.2 + 103.21457T — 13.631227 In TJ mol”! 
Lı = —2344.6 + 23.637 I2T — 3.12981T In T J mol! 
La = 1778.4 + 0.361 66T | mol ' 


ie for the simple ones. However, it is worth noting that significant 
vances have been made in the field of phase diagram calculations in recent 
decades such that it is possible to calculate the details of a phase diagram for 
tite applications. As an example, a calculated phase diagram of Ti-Al 
et al., 1997), a rather complex and yet technologically important 
seni is shown in Fig. 1.15. In the calculation, the following models are 
inr For the liquid, fcc, hep, and bcc phases, Equation 1.29 is used; phases 
on tanges of homogeneity are taken to be line compounds; and for 
55Al with a DOjo structure and )-TiAl with an Llo structure, the 
Seneralized bond-energy model is used (Chen et al., 1995). This model is an 
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extension of the Bragg-Williams model (Bragg and Williams, 1934) for 
ordered phases, similar to the Redlich-Kister equation which is an extension 
of the regular solution model for disordered solutions. In fact, Chen et al. 
(1995) showed that the generalized bond-energy model they formulated for a 
multicomponent, multisublattice ordered phase reduces to the Bragg-Wil- 
liams model for a binary phase with two sublattices. Furthermore, when it is 
reduced to a single sublattice, it becomes the regular solution model for a 
disordered solution. A presentation of the models for ordered phases is 
beyond the scope of this chapter. The reader should consult the literature for 
descriptions of the models for ordered intermetallic phases (Swalin, 1972; 
Libowitz, 1965; Schmalzried, 1965; Brebrick, 1965; Wagner, 1971; Chang, 
1974; Chang and Neumann, 1982). 3 
As shown in Fig. 1.15, the calculated phase diagram is in agreement with 
the experimentally determined phase boundaries. Zhang et al. (1997) also 
showed that the thermodynamic values calculated from the models for the 
various phases are in agreement with available experimental data. For y-TiAl, 
the intrinsic defect concentration at the stoichiometric composition calculated 
from the model is likewise reasonable. The number of model parameters used 
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Figure 1.15 Phase diagram of the Ti-Al system: comparison between the 

calculated diagram by Zhang et al. (1997) and the experimental data with cita- 

tions given by Zhang et al. (1997). 
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for each of the phases to describe the entire Ti-Al system is quite reasonable: 
4 for L; 4 for hep, 4 for bec, 2 for fcc, 2 for TiAl, 2 for Ti2Als, 2 for TiAl;, 
6 for x?- Ti4AI, and 7 for »-TiAl. 


1.4. METASTABLE PHASE EQUILIBRIA 


Since metastable equilibria play an important role in practical metallurgy, it is 
important to discuss metastable equilibria with respect to the stable ones. 
Figure 1.16 taken from Massalski et al. (1990) shows the stable and metastable 
phase equilibria involving a-Fe, )-Fe, Fe3C (cementite), and C (graphite) in 
the Fe-C system. The solid lines correspond to the boundaries of y-Fe in 
metastable equilibrium with cementite, while the dashed lines correspond to 
those in equilibrium with graphite. Formation of a metastable phase (such as 
cementite in the case of Fe-C) is due to its favorable kinetics in terms of 
nucleation and growth with respect to the stable phase (graphite for the case in 
question). As shown in Fig. 1.16, the solubility of carbon in y-Fe when it is in 
metastable equilibrium with cementite is greater than that when it is in 
equilibrium with graphite. This phenomenon can be rationalized readily in 
terms of the Gibbs energy versus composition curves, as shown schematically 
in Fig. 1.17, using Fe(y) and C(gr) as the reference states. In fact, it can be 
generalized that the solubility of a phase is always increased when it is in 
metastable equilibrium with a phase. 

The availability of novel techniques in the processing and characterization 
of materials in recent decades has succeeded in making metastable extensions 
of the stable equilibria which were unthinkable in the past. Two such 
examples are solubility extension and the formation of a metastable noncrys- 
talline phase. One technique which has been used effectively by metallurgists 
is rapid quenching of a molten alloy to a low temperature. In the following, we 
will introduce the concept of the Tp curve, which may be considered as 
another feature of the phase diagram. This curve can be used as a thermo- 
dynamic constraint for solubility extension by a rapid solidification technique. 
In the following, we will use two model eutectic systems as examples to 
explain the utility of the Ty curve (Boettinger, 1982; Perepezko and Boettin- 
Ser, 1983; Perepezko et al., 1988). 

Figure 1.18(a) shows a calculated model eutectic system with A and B 
exhibiting the same crystal structure. The liquid phase is taken to be ideal 
and the solid phase (x) to be regular with &" = 12.5 kJ mol-!. The 
*ntropies of melting for A and B are taken to be 10 J K^! mol~'. The Tp 
curve shown as a dashed line is the locus of points where the Gibbs energies 
of the liquid equal those of the æ phase at the same compositions. As is 
*vident from the Gibbs energy curves at 800 K shown in Fig. 1.18(b), the 
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Fe xc c 


Figure 1.17 A schematic diagram of the Gibbs energy curves for austenite, 
cementite, and graphite to demonstrate that the solubility of carbon in austenite 
is greater when it is in metastable equilibrium with cementite than with 
graphite. 


composition of equal Gibbs energies is x; = 0.84. This composition lies 
‘cen the equilibrium compositions of the coexisting phases. Let us now 
refer to Fig. 1.18(a). If we can undercool any of the liquid alloys to the To 
curve, the undercooled liquid can solidify without partition to form a 
Crystalline solid since the Gibbs energy of the solid phase is the same as 
that of the liquid phase at the same composition. In reality the liquid must 
undercool relative to To prior to freezing. This means crystallization would 
take place at a temperature below the To curve. As shown in Fig. 1.18(a), 
mutual solubilities of o/ and o" are rather limited under equilibrium 
Eins. However, it is possible to obtain a series of metastable a 
tions provided the liquid alloys can be undercooled below the To 
Curve. Ag(fcc) and Cu(fcc) have a phase diagram similar to the model one 
xb e Fig. 1.18. Indeed, using a rapid quenching technique, Duwez et 
PEN TOS continuous solid solution of Ag and Cu in the metastable 
Cri. 5 lattice parameters of the metastable alloys prepared follow 
w. The To curve gives the highest temperatures the liquid 
Reed to be undercooled before it is possible to make the solubility 
by a rapid solidification technique. 
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Figure 1.18 (a) A calculated model eutectic phase diagram including the To 
and spinodal curves. (b) Gibbs energy curves of the liquid and solid phases for the 
System shown in (a) at 800K to define To. (c) Calculated phase diagram for the 
System shown in (a) including the To curve and the metastable extension for the 
Solubilities of a and a”. (d) Gibbs energy curves of the liquid and solid phases for 
the system shown in (c) at 560K. 
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Let us next examine the metastable extensions of the £/o/ and £/a” phase 
boundaries at temperatures below the eutectic temperature, as shown in 
Fig. 1.18(c). Figure 1.18(d) gives the Gibbs energy curves at 560 K; from 
which the compositions of the metastable coexisting phases can be obtained. 
As shown in Fig. 1.18(c), the a” /(@” + £) phase boundary extends from a" to 
b" in equilibrium with £ from a to bı; the a'/(a'--£) phase boundary 
extends in a similar manner from a’ to b' in equilibrium with the liquid from 
a to bz. The curves denoted by b'-b, and b'-bz are in the unstable region 
and merge with each other at the minimum of the Tọ curve. However, the 
b'-b, and b'-b; curves do not have any physical significance (Baker and 
Cahn, 1971). It is noteworthy that the solubility of A in (B) denoted by 
a"—-b" is greater than the equilibrium solubility. This is due to the fact that the 
boundary a"-b" is in metastable equilibrium with the undercooled liquid 
represented by a-b,. 

Figure 1.19 shows a phase diagram for another simple eutectic system with 
the two components exhibiting different crystal structures as A(x) and B(). 
Also shown in this figure are the To(£/a) and To(£/f) curves as well as the 
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Figure 1.19 A binary eutectic system when the component elements 


have different crystal structures as A(x) and B(£); also shown are the To(£/x) and 
To(é/B) curves and the T, (glass transition temperature) curve. 


Thermodynamics of metallic solutions 4l 


glass transition temperature curve, Tz. Unlike the Ty curves which can be 
calculated from the Gibbs energies of the liquid and solid. phases, the glass 
transition temperature is not strictly a thermodynamic property and must be 
determined experimentally at a given condition. According to the informa- 
tion given in Fig. 1.19(a), liquid alloys within the composition range a-b 
cmn be undercooled to form metastable crystaline alloys since T, is greater 
than To. 
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Thermodynamics of slags 


Nobuo Sano 
Department of Metallurgy, The University of Tokyo, Japan 


21. INTRODUCTION 


Slags are formed when metals are extracted from ores which contain some 
gangue minerals such as SiO; and Al,03. Therefore, they consist of those 
gangues and fluxes added to improve their separation from the sought crude 
metals by lowering their melting temperatures and viscosities. The typical 
compositions of the industrial slags encountered in various metallurgical 
Processes are given in Table 2.1 (Kawai, 1982). Since SiO; is always present 
in any ore, slags are essentially silicate melts accompanied by various other 
oxides and in some cases sulfide or halides. Slags are also formed on refining of 
crude metals. In this case, oxidized impurities of the crude metal are major 
Constituents; examples are MnO, SiO2, P205, and FeO in steelmaking slags. 
Thus, the generation of slags cannot be avoided in metal production as long as 
original ores are impure. 
The most important property a slag should have is good separatability from 
a metal. For this purpose, the composition of a slag is controlled to have low 
Dey and low density. For example, CaO is charged as a flux to an iron 
last furnace to give the composition listed in Table 2.1. Another important 
on is to absorb impurities in the sought metal. Sulfur in blast furnace 
and phosphorus in steel converter slags are examples. Slags also can 
Ru the metal from being contaminated by the environment and reduce 
sive heat loss from the metal. For these reasons, slag control has been 
Important in metallurgical processes. 
lten slags are usually ionic conductors as seen from electric conductivity 
Serra. tand so on. Namely, they consist of cations such as Ca?* , Mg?* , 
and of anions such as O*, SiO$- and PO~. Silicon is coordinated 
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Table 2.1 Typical composition of industrial slags at 
1400°C 
Chemical composition (mass%) Others 
SiO; CaO FeO Al,O; MgO 2 
Blast furnace slag (Cu) 30-40 5-15 35-50 5-10 1-3 Zn,S,Cu 
Blast furnace slag (Pb) 25-40 10-25 30-40 5-10 - Zn,Pb,S 
Blast furnace slag (Fe) 30-40 35-45 - 12-18 3-8 MnO 
Converter slag (Fe) 10-20 40-50 10-25 - 4-10 MnO,P;0;, 
Electric furnace slag (Fe) 15-20 60-65 < 1.0 « 30 5-10 CaF 
(reduction period) 
Source: Kawai, 1982, with permission. 
= 
g 
by four O°- to form sioj- having a tetrahedral unit structure. Depending 
SiO, content, a number of SiO}~ units are connected as chains or i 


what is called a network structure, to form a large polymerized ion. Figure 
(Derge and Tenenbaum, 1951) shows the structures of silicate ions 


MO,MO(mol%) 


Figure 2.2 Viscosity (n) isotherms for binary silicate melts (Reproduced from 


0123456 7 8 9 10 Ogino and Hara, 1988, with permission). 


Scale in trom units 


* (Sie 02) * (Sica)? 


Figure 2.1 Crystalline silicates (Reproduced from Derge and Tenenl 
1951, with permission). 


increasing degrees of polymerization. As the size of a silicate ion is increased, 
the slag viscosity is also increased, as shown in Fig. 2.2 (Ogino and Hara, 
1988). The addition of CaF; to silicate melts is considered to make them less 
viscous by breaking a network. However, the exact mechanism is not well 
understood. 

Oxides are classified into a donor and an acceptor of oxide ion, O”, as 
described by Equations 2.1 and 2.2. 


CaO = Ca?* +07 (2.1) 
SiO, +207~ = SiO?" (2.2) 


A al is called basic oxide and an acceptor is acidic oxide. Ward (1962) 
= Sified oxides according to their ion-oxygen attraction defined by Equation 


2Z 
1-24 (2.3) 
Where dj 
dis the sum of ionic radius of cation and oxygen ion and Z is the valence 


Cation. In Table 2.2 (Ban-ya, 1988) K,O is shown to be most basic and 
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Table 2.2 Dependence of the chemical and physical properties of binary silicate 
melts on the cation-oxygen bond as measured by the ion-oxygen attraction 


Electro- 
Classification of negativity Cationic lon-oxygen 
oxide Oxide of cation radius (À) attraction | 
K;O 0.8 1.33 0.27 
Na;O 0.9 0.95 0.36 
Li;O 0.95 0.60 0.50 
BaO 0.9 1.35 0.53 
BASIC SrO 1.0 1.13 0.63 
CaO 1.0 0.99 0.70 
MnO 14 0.80 0.83 
FeO 17 075 0.87 
ZnO L5 0.74 0.87 
MgO 1.2 0.65 0.95 
INTERMEDIATE BeO 1.5 0.31 1.37 
Cr,03 1.6 0.64 1.44 
Fe,03 18 0.60 1.50 
AlO; Ls 0.50 1.66 
T TiO; 1.6 0.68 1.85 
ACID 
GeO; 1.8 0.53 2.14 
B203 2.0 0.20 2.34 
SiO; 18 0.41 2.44 
P205 2.1 0.34 3.31 


Source: Ban-ya (1988), with permission. 


P3505 most acidic. In slag melts, acidic oxides exist as complex ions having 
various coordination numbers for oxygen, such as SiO}~ (SiO,), PORT 
(P205), AIO? (Al203), FeO}~ (Fe,03), TiO$- (TiO;). Neutral oxides 
between acid and basic oxides behave as amphoteric oxides depending upon 
other oxides present. For example, in the case of Al203 


A1;0,- 2AP * +307~ (2.4) 

Al,0;+50?~ =2A103— (2.5) 

AP* -40?- =Al03— (2.6) 

Al* is stable in acidic oxides (Equation 2.4) and AIO$- is so in basic ones 
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(Equation 2.5). According to Equation 2.6 it is clear that the predominant 
species depends upon ao:- or slag basicity. 

When CaO is added to a silicate melt, the bond connecting an oxygen atom 
with two silicon atoms is broken to form a smaller unit as SiO0}~ in Equation 
(2.7), the slag becoming more fluid. 

O°- + Sij0$- =2Si0}- (2.72) 
o o o o 
| l | 
O?- +0- Si -O- Si -O = O- Si -O + O- Si-O (2.76) 
| | | | 
o o o o 


0?- -0?-207 (2.7c) 


In Equation 2.7b, oxygen having two filled bonds with silicon is called a 
bridging oxygen, O°, and oxygen having a single bond is a nonbridging 
oxygen, O7. 

The basicity of a slag, B, is defined by Equation 2.8, similar to pH = —log 
aş- for an aqueous solution 


B=log ao- (2.8) 


where ao;- is the activity of oxide ion. However, ao:- cannot be measured in 
principle like ap- in an aqueous solution for which the Debye-Hückel theory 
holds. For this reason a number of measures for slag basicity have been used 
and a better way of description is still sought. Table 2.3 (Ban-ya, 1988) shows 
the basicity measures which are conventionally used or have been proposed by 
various investigators. Recently the solubility of CO; in slags and redox 
equilibria of transition metals have been proposed and will be described in 
more detail in later sections. 


Table 2.3 The concept of quantitative basicity indexes 


Vee ratio mass%CaO/mass%SiO2 
mass%CaO/(mass%SiO2 + mass%Al2Os) (blast furnace slag) 
mass%CaO/(mass%SiO2 + mass%P2Os) (basic steelmaking slag) 
(mass%CaO + |.4mass%MgO)/(mass%SiO. + 0.84mass%P2Os) 

(ferro-alloy slag) 

Excess base B = mass%CaO-1.86mass%SiO7—|.19mass%P2O0s, 

Excess base RO-2SiO;-4P,O;-2Al;0,-Fe;O; (mole base) 

Base-acid ratio RO/(SiO2 + 2P20; +0.5Al203 + 0.5Fe;O;) (mole base) 


Source: Ban-ya (1988), with permission, 
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Duffy and Ingram (1976) measured the energy shift of the ultraviolet 
absorption spectrum of Pb** reflected by the trend for an oxygen ion to 
release electrons toward Pb?* and defined the value of the shift relative to that 
of CaO as optical basicity. The measurement is limited to transparent samples 
which do not contain transition metal oxides. They found good correlation 
between experimental values and the equation derived from Pauling's electro- 
negativity for various cations (see Table 2.2). 


A;=0.74/(z—0.26) (2.9) 
ATYAX, (2.10) 


where A; is the optical basicity of an oxide component i; y is the electro- 
negativity (see Table 2.2); A is the optical basicity of a multicomponent slag. 
Ais called the theoretical optical basicity which is essentially a calculated one. 


A, Optical Basicity 


Figure 2.3 Correlation of sulfide capacity data with the calculated optical 
basicity of slags at 1500°C. 
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The correlations of this basicity measure and other physicochemical proper- 
ties have been studied widely. For example, the sulfide capacity (see Equation 
2.30) is shown to have good correlation with A in Fig. 2.3 (Sosinsky and 
Sommerville, 1986). However, the correlation is still semiquantitative and, for 
example, ad hoc adjustments to Pauling’s values for y of BaO and Na;O have 
to be made to get a fit. 

The chemical properties of some elements in slags encountered in iron- 
making and steelmaking are briefly described in later sections. Readers are 
recommended to consult the listed references for more details. 


22. THERMODYNAMICS OF PHOSPHORUS AND 
SULFUR IN SLAGS 


2.2.1. Phosphorus 


Phosphorus is stable in slags either as PO} or P®~, depending upon the 
prevailing oxygen partial pressure. Figure 2.4 (Sano, 1991a) shows the critical 
conditions for stability of Ca3(PO,4)2/Ca3P2 and Ba4(PO,)?/BasP; as functions 
of temperature and Po,. 

As the line for 2CO — 2C +O, shows, the Po, encountered in ironmaking 
and steelmaking processes favors the presence of phosphate rather than 


Temperaturefc) 
1700 1600 — 1500 — 1400 1300 1200 


log Fo, (atm) 


50 55 6.0 65 70 
10% TK) 


© CajPQ),-Cafi 40, 
© BasPO,);=BagPy 40, 
Figure 2.4 The stability of phosphate and phosphide as a function of tem- 


perature and partial pressure of oxygen (Reproduced from Sano, 199la, with 
Permission). 
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phosphide, so that only dephosphorization by oxidation to Ca;(PO,4)2 has 
traditionally been considered. However, this is not the case for dephosphor- 
ization of high chromium or manganese steels because the preferred oxidation 
states of those alloying elements would occur. Accordingly, in these cases, 
attention has been to dephosphorization by reduction to form CasP; in recent 
years. Technically the treatment of slags containing phosphide is very 
important because of the generation of hazardous PH; when they react with 
moisture. Equations 2.11 and 2.12 show how phosphorus vapor dissolves into 
slags as PO}~ or P^-. Similar to Fig. 2.4, Fig. 2.5 (Momokawa and Sano, 
1982) shows the variation of the phosphorus content of a CaO-AL,Os melt 
with oxygen partial pressure on a logarithm scale under a constant phosphorus 
pressure. The slopes of two straight lines in Fig. 2.5 are expected to be 5/4 and 
—3/4 for phosphate and phosphide, respectively. 


3P2(g) + 102(g) - 207- = (PO}-) (2.11) 
4P2(g) +307 = (P*-) +3 02(g) (2.12) 
(mass%PO}-) Ku TI 
Cig ea 1.2569 2.13) 
PO} PA? pi fror ¢ 


In order to express the capacity of a slag to contain phosphorus, the phosphate 
capacity, Cpo;- is defined in Equation 2.13 according to Equation 2.11. This 


41%Ca0-59%AL0, 
Pp, =2.46 «10 atm 


Log(P) 
(mass%) 


-20 -19 -18 -17 -16 
Log Po, (atm) 


Figure 2.5 Variation in phosphorus content of the CaO-AhO; melt with 
partial pressure of oxygen (Reproduced from Momakawa and Sano, 1982, with 
permission). 
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value may easily be measured by determining the phosphorus distribution 
ratio between the slag and an appropriate metal under a controlled partial 
pressure of oxygen, since Pp, in Equation 2.13 can be replaced by the 
phosphorus content of the metal. According to Equation 2.13, Cpo;- increases 
with increasing ao:- or basicity of the slag and increasing K;; or decreasing 
temperature since Equation 2.11 is exothermic, Figure 2.6 (Tsukihashi and 
Sano, 1994) shows log Cpo;- as a function of the mole fraction of basic oxide 
for a variety of basic slags. 

The phosphorus distribution ratios obtained in the steelmaking process are 
plotted in Fig. 2.7 (Kishitaka, 1977) for the quasi-ternary CaO-SiO;-FeO 
system. At a constant mass%CaO/SiQ, ratio, the Lp value has a maximum as 


Sor 


ggr 1573K 


CaO. 
4 1573K 


Mox 
a 
e 1523K 
Ej 


ath 


LL. 4 L—. — 
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Figure 2.6 Phosphate capacities of various flux systems (Tsukihashi and Sano, 
1994). 
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Figure 2.7 Distribution of phosphorus between slag and molten steel at the 
end of blowing in the BOF process (Reproduced from Kishitaka, 1977, with per- 
mission). 


FeO content increases. This may be explained using Equation 2.14. Namely, 
as FeO increases, the oxygen partial pressure increases according to Equation 
2.14 at the expense of %CaO. Beyond the maximum, the partial pressure of 
oxygen is high enough but the slag basicity or ao:- in Equation 2.13 becomes 
too low so that the Lp value begins to decrease. Fortunately, normal 
steelmaking slags contain 10-20% FeO, which is close to the optimal 
composition for dephosphorization. 


FeO = Fe +402 (2.14) 


Whether the phosphorus is PO}~ as in Equation 2.11 or polymerized is an 
interesting topic. The molecular expression for dephosphorization is given by 
Equation 2.15 in which n in P,O; s, denotes the degree of polymerization. 
Equation 2.16 can be rewritten as Equation 2.17, where M is the molecular 
weight of P or P,O; s,. When n is unity, Equation 2.17 becomes Equation 2.18 
assuming that Henry's law holds for phosphorus in both the metal and slag. It 
is to be noted that even when the phosphorus content of the slag is high, the 
molar content of PO; 5, can be low enough, because of its large molecular 
weight. Similarly, for n equal to 2, Equation 2.17 can be rewritten as Equation 
2.19. Figure 2.8 (Tagaya et al., 1991) shows the variation of log{(%P)/[%P]}, 
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Figure 2.8 Effect of the phosphorus content of slags on the partition ratio of 
phosphorus (Tagaya et al., 1991). 


where (%P) and [%P] denote the phosphorus concentration in mass% of slag 
and metal respectively, with log(%P) for the 64 mass%CaQ-23 mass% CaF;- 
13 mass% SiO, slag doubly saturated with CaO and 3CaO-SiO, at 1573 K and 
the 20 mass%CaO-35 mass%Na2O-45 mass% SiO) slag at 1473 K. For the 
former slag, the principal species is likely to be monomer, PO; up to 2%(P); 
beyond it up to Cas(PO,)» saturation it is likely to be dimer P,O4~. In other 
words, the expression for the distribution of phosphorus between slag and 
metal should be (P)/[P] below 2 mass%(P) and (P)/[P]* if it exceeds 2 mass% 
as described in Equation 2.21. The latter slag is more basic and the monomer 
is predominant all the way up to Ca3(PO,), saturation. 


n{P] in metai + 2102 = (P,O2 sn) (2.15) 
= — 2O fe.o. (%P,O25n) 
Kis = ad LT EL 
15 (ary -Po Y [APT (Po,)" (2.16) 
(HP) n-1 1 (fp 1 n. Mi 
leRm p^ n 108 CP) += log Font n EK: [d oe 
(2.17) 
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(%P) 

Me pn - 2.18) 

log AP] constant (n=1) (2.18) 

CAE) logo s 2.19 
log rcp =}log(%P)+ constant (n= 2) (2.19) 
[P] +302 +307 = (POT) (2.20) 
2[P] + $0; + 20?- = (P,04>) (2.21) 


In the application of Equation 2.12 in practice, molten calcium or CaC;-CaF; 
flux has been used to keep the partial pressure of oxygen sufficiently low, as 
expressed by Equations 2.22 or 2.23. Accordingly, Equation 2.12 can be 
rewritten as Equation 2.24. Figure 2.9 (Sano and Katayama, 1992) shows the 
phosphorus content of molten iron as a function of its calcium content for 
various fluxes containing calcium at 1873K, satisfying the relationship 
expected from Equation 2.24. 


Ca) +402 = CaO (2.22) 
CaC; +402 = CaO + 2[C] in metal (2.23) 
31CA] in ment + [Pl in menit = 2 Ca?* + P>- (2.24) 


© [%P]=C: [%Ca}"* 


[P] (mass%) 
o o 
o e 
e 8 
ret 


x Ca-Ca0-Ca,P, 
© Ca-Ca0-CaCl,Ca,P, 

Ca-CaO-CaCl,CaF,-Ca,P, 
A Ca-Ca0-CaF,-CaP, 


Figure 2.9 Equilibrium diagram of iron melt dephosphorization with calcium 
(1873 K, Pa,=10 bar (%Ca3P2) : | ~2%) (Sano and Katayama, 1992). 
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2.22. Sulfur 


Similar to the case of phosphorus shown in Fig. 2.5, sulfur contents of two 
oxide melts under a constant Pso, are shown in Figure 2.10 (McGannon, 
1964) against partial pressure of oxygen. Below and beyond a critical partial 
pressure of oxygen that is consistent with those determined by the CaSO,/ 
CaS equilibrium as in Equation 2.25, sulfide and sulfate are predominant 
species as expected from Equations 2.27 and 2.28, respectively, As mentioned 
earlier, the oxygen partial pressure in metal refining is far below those critical 
values, sulfur is stable in slags as sulfide. Accordingly, desulfurization may be 
written as Equation 2.29. Unlike the case of oxidative dephosphorization, 
sulfur in metal is reduced to sulfide, so that most desulfurization occurs in the 
ironmaking rather than in the steelmaking process. This is why more than 
95% of sulfur input from coke and iron ore is removed in the blast furnace, 
whereas only 30-40% of sulfur is removed to slags in the steelmaking 
operation, as shown in Fig. 2.11 (Sims, 1963) which demonstrates the sulfur 
distribution ratio between slag and molten iron against the CaO/SiO, ratio of 
slag. 


CaS * 20; - CaSO; (2.25) 
AG?- —907100+309.37 (J mol-!) (2.26) 
log Po (atm) —4.44 at 1620°C, and —5,28 at 1500°C 


$02 + SO) +0% = S07- (2.27) 
SO; + O*- = S* +30, (2.28) 
3S2 OF [S] in meta + O^- = S% +102 (2.29) 


According to Equation 2.29, the sulfide capacity is defined as Equation 2.30, 

indicating that this value increases with raising slag basicity (ao:-) and 

temperature because of the endothermic nature of Equation 2.29 and with 

Meg of components which have greater affinity for sulfur, such as 
O. 


1/2 
Csa- = (%5) - Ge) =K» ys (2.30) 


Figure 2.12 (Rachev et al., 1991) shows the Cs+- for various slag systems. As 
far as the present author is aware, the BaO-MnO system has the greatest 
value, higher than those of the BaO-BaF; system for the above-mentioned 
reason. Another important factor for a slag to be a good desulfurizer is its 
Solubility for sulfide. Since the reciprocal of solubility gives the activity 
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Figure 2.10 Variation in sulfur content of oxide melts with partial pressure of 
oxygen. (Solid circles: calcium ferrite melts at 1893 K and Pso, 6-8%. Open circles: 
calcium-alumino-silicate melts at 1773 K and Pso, 7 236.) (McGannon, 1964.) 
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Figure 2.11 Influence of iron oxide and basicity on the desulfurization ratio, 
1843-1903 K (Sims, 1963). 
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Figure 2.12 Sulfide capacities of various flux systems (Rachev et al., 1991), 


Coefficient of sulfide, a larger solubility leads to a larger value for Cs;- 
according to Equation 2.30. Besides this effect, the solubility directly affects 
the amount of slag required for the desired degree of desulfurization. Figure 
2.13 (Uo et al., 1989) shows the solubility of CaS for the CaO-SiO;-CaF; 
System used in practice for external desulfurization of a hot metal, which is 
doubly saturated with CaO and 3CaO-SiO2. 

Since both the sulfide and phosphate capacities increase with increasing 
?o:- or basicity of the slag as illustrated by Equations 2.13 and 2.30, 
elimination of the @o2- term from these equations yields Equation 2.31. If 

s: foot can be assumed to be independent of the slag system and 
Composition, Equation 2.31 depends only on temperature. Figure 2.14 
(Tsukihashi et al., 1990) shows the relationship of two capacities for various 
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Figure 2.13 CaS solubility contours in mass% for the CaO-CaF;-SiO; system 
at 1573 K (Uo et al., 1989). 


systems. A good correlation is seen as straight lines having slope of approxi- 
mately 3/2, although the data at 1200°C are exceptional. 
Ku fee 


log Croy = Flog Cs- + oR ‘ra (2.31) 
c 


23. THERMODYNAMICS OF GASES IN SLAGS 


2.3.1. Nitrogen 


Nitrogen is dissolved as N?- in a slag as expressed by Equation 2.32 so that a 
more basic slag has a higher solubility as shown in Fig. 2.15 (Martinez and 
Sano, 1987) for the case of the CaO-CaF; system. However, this is not always 
true. In calcium silicate or aluminate systems, the solubility is observed to 
decrease with increasing CaO content. This indicates that nitride may dissolve 
in a slag by being incorporated into a network as expressed by Equation 2.33 
or 2.34, where O` is non-bridging oxygen in a network. 


1N;420?- =N* 410; (2.32) 
4N2 +30- = N° +302 +307- (2.33) 
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Figure 2.14 Relationship between sulfide capacities and phosphate capacities 
for various basic fluxes (Reproduced from Tsukihashi et al., 1990, with per- 
mission). 


si 
[ 
1N; + 3!Si—O—Si! = :Si-N—Si: + 30, (2.34) 


Accordingly, nitrogen solubility in slag may be represented schematically as 
in Fig. 2.16 (Martinez and Sano, 1990a) as a function of slag basicity or ao:-, 
showing its amphoteric nature. For example, Fig. 2.17 (Martinez and Sano, 
1990b) shows that the nitrogen solubility of CaO-CaF;-SiO; melts with a 
constant CaF, content decreases with increasing SiO; content in accord with a 
decrease in free N^- content and then starts increasing with an increase in 
incorporated nitrogen content. 

According to this mechanism, slag containing a metal which has a strong 
affinity for nitrogen is expected to have a larger nitrogen solubility. According 
to Table 2.4, slag systems containing B203 or Ti;O; are likely to have greater 
nitrogen solubility than silicates, incorporating nitrogen in borate or titanate 
networks. Figure 2.18 (Tomioka and Suito, 1993) shows that the nitride 
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Figure 2.15 Nitride and cyanide contents of CaO-CaF, slags as a function of 
CaO content at 1773 K (Martinez and Sano, 1987). 


Table2.4 Enthalpy values 


for Equation 2.35 
M AH (kJ mol 7!) 
B 364 
Ti 422 
Si 499 
Al 518 
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Figure 2.16 Schematic representation of the change in total nitrogen contents 
of silicate melts as a function of the activity of O?- (Reproduced from Martinez 
and Sano, 1990a, with permission). 


capacity, which is defined as Equation 2.36, increases with increasing SiO2, 
TiO, or AIO, s content of a variety of slags. 


MO; 5(s) +4N2(g) = M,N(s)+302(g) x= 1 for B, Al; x=} for Si, Ti 


(2.35) 
_ (%N): (Po,)*/* 


Y 2.36 
Cx (Px)? (2.36) 


0.4 | CaO-CaF2-SiO2 System 
Po, =3.19x10'? Pa 
03 PN2=5.07*10* Pa 


2 1723K 
3 
IS 925 Cao Sat. 
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Figure 2.17 Total nitrogen contents of CaO-CaF;-SiO; melts as a function of 


SiO mole fraction at 1723 K (Reproduced from Martinez and Sano, 1990b, with 
permission). 
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Figure 2.18 Dependence of nitride capacities on slag compositions. A = E GOAO ROF ee 
Al;Os; B = BaO; C = CaO; S = SiO;; T = TiOx (Reproduced from Tomioka and 3 CaO- ALO; at 1550C 
4. CaQ(S2moMe) - AO; (7mol*«) - SIO,41molf6) at 1450C 


Suito, 1993, with permission). 5. CaO - ALOs at 1600C 
6. CaO - MgO(10mass%) - AkO 10mass*c) = SiO; at 1550°C 
7. CaO - MgO(10mass%) - ALO, at 1550°C 
8. CaO - ALOy10mass%) - SiO, at 1550°C 

In the presence of carbon, nitrogen dissolves in the slags as CNT, as Sonepat gree 

represented by Equation 2.37. Figure 2.19 Cyanide capacities of molten fluxes equilibrated with graphite 


3N2+C +40 =CN- +10, (2.37) (Reproduced from Ban-ya and Hino, 1991a, with permission). 


The cyanide capacity defined as Cen- = (96CN ^)(Po,) ^ /(Py )'? is shown in 
Fig. 2.19 (Ban-ya and Hino, 19912) for CaO-containing slags as a function of 


mole fraction of CaO, Nc,o. As is clear from Equation 2.37, basic slags have a o- + H;O = 20H- in basic slags (2.38) 
larger Ccx.-. Figure 2.20 (Tsukihashi et al., 1985b) shows the CN~ content 
of the Na?O-SiO, system in a graphite crucible with Pco = 1 atm, indicating H20 + : Si—O—Si: = 2(: Si—OH) in acid slags (2.39) 


the importance of the treatment of the slag used for soda ash refining. 
E E Accordingly, when water contents of alkaline silicates are plotted against mole 


fraction of alkaline oxide for a fixed H20 pressure, a minimum is observed as 


2.3.2. Water shown in Fig. 2.21 (Ban-ya and Hino, 1991b) and in Fig. 2.22 (Ban-ya and 
Hino, 1991c) for the case of the CaO-SiO; system. Hydroxyl capacity, defined 
Water vapor dissolves into slags in a similar way to nitrogen, as expressed by as (mass?6H350)/PHAo(atm) is shown in Fig. 2.23 (Ban-ya and Hino, 1991d) 


Equations 2.38 and 2.39. for the CaO-FeO-SiO, system. 
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Figure 2.20 Solubility of nitrogen as CN^ in the Na;O-SiO; system in the 
presence of graphite (Reproduced from Tsukihashi et al., 1985, with permission). 
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Figure 2.21 Hydroxyl capacity Coy of LiO;-SiO;, Na;O-SiO; and K;O-SiO; 
melts (Reproduced from Ban-ya and Hino, 1991b, with permission). 
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Figure 2.22 Hydroxyl capacity Co of CaO-SiO; melts (Reproducd from Ban- 
ya and Hino, 1991c, with permission). 
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Figure 2.23 Hydroxyl capacity Coy of CaO-'FeO"-SiO; melts (Reproduced 
from Ban-ya and Hino, 1991d, with permission). 
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2.3.3. Carbon 


Carbon dissolves in slags as either CO3~ or C2. According to Equation 2.40, 
the oxygen partial pressure for transformation from CaCO, to CaC, is 
9x 107" atm at 1873 K and 2 x 10~*atm at 1573K. Accordingly, the stable 
species of carbon in blast furnace slags is C?~. Figure 2.24 (Ban-ya and Hino, 
1991e) shows the carbide capacity defined as (%C3~).PY? according to 
Equation 2.42, when graphite coexists. 


2CaCO; = CaC + CaO +302 (2.40) 
AG®=1720 100—436.92T (J mol~') (2.41) 
2C +O? =C} +40, (2.42) 


Wagner (1975) proposed the use of the solubility of CO, as a measure of slag 
basicity according to Equation 2.43, assuming that the activity coefficient of 
COT" is independent of slag composition. 


CO, + 0?- - CO- (2.43) 
_ (%CO3-) 
Ccoi- = ae (2.44) 
8 
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Figure 2.24 Carbide capacities of molten fluxes equilibrated with graphite 
(Reproduced from Ban-ya and Hino, 1991e, with permission). 
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Figure 225 CO, solubilities in Na;O-bearing melts at 1473K (Kawahara et 
al., 1986). 
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Figure 2.26 CO, solubilities in alkaline silicate melts at 1473K (Kawahara et 
al., 1986). 
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laO-BaF» 


Figure 2.27 Carbonate capacity of CaO-Al;O;, CaO-CaF; and BaO-BaF; 
melts at 1773K and BaO-BaF, melts at 1623K (Reproduced from Ban-ya and 
Hino, 1991f, with permission). 


According to Equation 2.43, the carbonate capacity is defined as Equation 
2.44 and is shown for a variety of slag systems in Fig. 2.25 (Kawahara et al., 
1986) which indicates that among the compounds with Na2O, B20; acts as the 
strongest acid. Similarly in Fig. 2.26 (Kawahara et al., 1986), K;O, Na2O, and 
Li,O enhance the basicity of silicates in that order. Figure 2.27 (Ban-ya and 
Hino, 1991f) shows that BaO-bearing slags are more basic than CaO ones. 


24. THERMODYNAMICS OF TRANSITION 
METALS IN SLAGS 


2.4.1. Manganese 


The stable species of manganese in slags is Mn^" in most cases. Even in air, 
Mn?* is a minor species, as shown in Fig. 2.28 (Tamura et al., 1987) for the 
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Figure 2.28 Log (%Mn**)/(%Mn**) for CaO-MntO-SiO melts as a function of 
CaOJ/SiO, in air at 1673K (Tamura et al., 1987). 


Mn?* |Mn?* equilibrium. The ratio increases with increasing slag basicity. 
Accordingly, the equilibrium may be described by Equation 2.45. In the 
steelmaking process, the manganese equilibrium is shown as Equation 2.46. 
Since MnO is a basic oxide, the yield of manganese is improved by using basic 
slags according to Equation 2.46 and Fig. 2.29 (Turkdogan, 1983b). 


Mn?t - 10; 4- 20?- = MnO; (2.45) 
[Mn] in meni +4O2 = Mn?* + 0%- (2.46) 


242. Chromium 


Chromium is present as Cr^* ,Cr^*, or Cr^* in slags depending on the 
Prevailing oxygen partial pressure. Figure 2.30 (Maeda and Sano, 1982) 
Shows that the activity coefficient of CrO, ycro, increases with increasing 
(Xcso + Xaio,,)/Xsio,» indicating that CrO is a weakly basic oxide in the 
CaO-AIO, ;-SiO; system. Cr°* is stable as CrO2- , so that as Fig. 2.31 
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Figure 2.29 Variation in the equilibrium relation kmnfe for manganese 
reaction with slag basicity: (7) 1803-1893K, (A) 1893-2003 K, (A) 823K, 
(W) 1873 K (Reproduced from Turkdogan, 1983b, with permission). 


(Morita et al., 1988) shows for the MgO-SiO;-CaO system, ci**Ice* 
increases with increasing slag basicity. 


Cr+ +307 +302 = CrOj- (2.47) 


2.4.3. Iron 


The stable forms of iron in slags are Fe^* and Fe?* and in steelmaking or 
copper smelting slags the two species always coexist. As shown in Fig. 2.32 
(Turkdogan, 1983a), the Fe?* /Fe** increases as CaO content of the CaO- 
FeO-Fe;O, system increases at a constant partial pressure of oxygen. This is 
explained by postulating the presence of anions of FeO?""®)~ such as FeO; as 
in Equation 2.48. However, in acid slags such as iron silicates in copper 
smelting, the cation Fe?* is suggested to be predominant (Equation 2.49). 
‘The exchange reaction between Fe?* and FeO? is expressed as Equation 2.50 
and in basic slags FeO; is predominant rather than Fe?” . 


Fe?* +10, +30?" = FeO; (2.48) 
Fe?* +10, = Fet c 10?- (2.49) 
Fe?* -20?- =FeOz (2.50) 
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Figure 2.30 Relation between ycro and molar (CaO*AIO, s)/SiO; for the 
CaO-AIO, «SiO, system (Maeda and Sano, 1982). * 
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Figure 2.31 Basicity dependence of Cr**/Cr?* ratio i iO;-Ca! 
in MgO-Si! iO-CrO, 
melts at 1873 K in air (Morita et al., 1988). nis i 
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Figure 2.32 State of oxidation of iron in CaO-FeO-Fe;O; melts at 1823 K 
(Reproduced from Turkdogan, 1983a, with permission). 


"The activity of FeO as well as of MnO is greatly enhanced by the presence of 
halide. Figure 2.33 (Davies, 1973) shows apeo against FeO content for the 
FeO-CaF, system. In the CaO-SiO;-FeO system, the activity of FeO has a 
maximum at Xcao/Xsio,=2 with the ratio increasing at a constant FeO 
content. This may be explained by a fact that the orthosilicate composition is 
most stable in the CaO-SiO; system. 
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Figure 2.33 Activity of FeO in the CaF;-FeO system (Davies, 1973). 


2.4.4. Copper as Oxide 


EAR 2.51 has been examined extensively to seek a measure for slag 
we Figure 2.34 (Nakamura and Sano, 1991) shows that the ratio Cu?* / 
i 2 IT with increasing Xna,o/Xsio, for the Na,O-SiO, system at 


Cut - 10; = Cu?* +10% (2.51) 


2.45. Niobium and Vanadium 


These metals exist in basic sl i i 
$ a lags mostly as anions, as shown in Fig. 2.35 
(Tsukihashi et al., 1985), which demonstrates that the valence of vanadium 
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Figure 2.34 Dependence of the Cu*/Cu* ratio on NaOs; in mol% for the 
NaO»s-SiO; and NaOy,s-1 I(mol%) NaF-SiO; systems in air at 1373K (Repro- 
duced from Nakamura and Sano, 1991, with permission). 
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Figure 2.35 Change in valences of vanadium, niobium, and antimony with the 
composition of the Na;O-SiO; system at 1473 K (Reproduced from Tsakihashi et 
al., 1985a, with permission). 
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Figure 2.36 (a) Effect of addition of Na;O on the partition ratios of titanium and niobium between 


saturated with CaO and 3CaO.SiO; and carbon-saturated iron at 1573K with 


Na;O on the partition ratios of vanadium and man; 
and carbon-saturated iron at 1573 K with Po, 
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changes from V?* to V^" and that of niobium is nearly Nb?" in the Na;O- 
SiO; system at 1200°C at the oxygen partial pressure determined by the 
C-CO equilibrium. Accordingly, they can be recovered easily from Na;O- 
containing slags to carbon-saturated iron (Fig. 2.36a,b (Tsukihashi et al., 
1988)). 


2.4.6. Titanium 


Titanium's stable forms are Ti?* and Ti** in most slags. The latter in 
particular behaves as an amphoteric oxide as shown in Fig. 2.37 (Ito and Sano, 
1981), which shows yrio, for the Ca0-Al,0~SiO, system. It has a maximum 
with increase in the ratio CaO/SiO; at constant Al;05. 


2.5. THERMODYNAMICS OF TRAMP ELEMENTS 
IN SLAGS 


2.5.1. Elements of Groups IV and V 


These elements behave in a similar manner to phosphorus (Equation 2.12) 
under highly reducing conditions, as expressed by Equations 2.52 and 2.53. 


[M] in meta +407 =M +302 (group V) (2.52) 
or 
[Mlin me^ 2077 2 M^ +0, (group IV) (2.53) 


which may be rewritten as Equation 2.54 by molecular formalism for CaO- 
containing slags. 


[M] in metai + x*CaO = Ca,M + 302 (2.54) 


Figures 2.38 and 2.39 (Sano, 1991b) show the distribution of Sb between 
CaO-CaF; melts and a Cu-5% Sb alloy at 1773 K as functions of Po, and 
acao» respectively, where the slopes of the straight lines are —0.52 and 1.2; 
respectively, indicating that the value for x is 1.5. In the case of Fig. 2.39, the 
oxygen partial pressure was fixed at2 x 10 - 16 atm by the C-CO equilibrium. 

Similar results have been obtained for As and Bi. Figure 2.40 (Sano, 1991b) 
shows the tin content of CaO saturated CaF; melts in equilibrium with molten 
tin at 1773 K as a function of oxygen partial pressure. Similar to Fig. 2.5 
(Momokawa and Sano, 1982), Sn in the melts has two different species such as 
Sn*- and SnO% depending upon Po, as shown in Figure 2.40. Lead is shown 
to be stable as Pb*~ below approximately Po,=107'° atm. 
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Figure 2.37 Contours of activity coefficient for TiO; in the CaO-A! 
IO, 
system at 1773 K (Ito and Sano, 1981). xS 
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Figure 2.39 Dependence of Sb distribution between Cu and CaO-CaF; melts 
on the CaO activity at 1773K (Sano, 1991b). 
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Figure 2.40 Dependence of Sn content of CaO-CaF, melts on oxygen partial 
pressure at 1773 K (Sano, 1991 b). 


Thermodynamics of slags 8l 


When the slag contains metallic Ca as in Ca-CaF; melts, a far more 
reducing atmosphere than the above-mentioned cases may be obtained and 
Equation 2.54 is rewritten as Equation 2.55 or 2.56. 


[Min meni * (C2) 7 (Ca; 5M) (2.55) 
or 
[M]is metai + 2(Ca) = (Ca9M) (2.56) 


Therefore, the.distribution of these elements between Ca-containing melts 
and molten iron may be calculated as in Fig. 2.41 (Sano, 1991b) as a function 
of the activity of Ca, using known data for their activity coefficients in molten 
iron. 

The activity of Ca in a variety of CaO-saturated halides has been measured 
by determining oxygen content of a solid Zr plate in equilibrium with the 
melts and is shown in Fig. 2.42 (Ochifuji et al., 1995). Figure 2.43 (Ochifuji et 
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Figure 2.41 Estimated distribution of various impurity elements between 
molten iron and CaO-CaF; melts at 1773K as a function of the calcium activity 
or oxygen partial pressure (Sano, 1991b). 
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Figure 2.42 Relationship between the mole fraction and the activity of Ca in 
the CaO,,,4-Ca-MF, fluxes at 1473K (Reproduced from Ochifuji et al., 1995, 
with permission). 


al., 1995) shows that As may be extensively removed from carbon saturated 
iron by Ca-containing halides. 


2.5.2. Copper as Sulfide 


Since copper is more noble than iron, it is impossible in principle to remove it 
from iron by conventional oxidation techniques. Figure 2.44 (Sano, 1991b) 
shows the activity coefficients of CuSo; and FeS in NaSo;-FeS melts, 
considering Equation 2.57 for copper removal. 


Cu +} (FeS) = (CuSo5) + }Fe (2.57) 


With increasing NaSo.s content, ycus,, drops more significantly than jes $0 
that the distribution ratio of Cu, Lcw barely drops, as shown in Fig. 2.45 
(Sano, 1991b). However, the value for Lc, is rather low, indicating the 
difficulty of using this slag for industrial application. 
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Figure 2.43 Estimated As content of carbon-saturated iron in equilibrium 
with the CaO,,.,-Ca-MF; fluxes at 1473 K (Ochifuji et al., 1995). 
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Figure 2.44 Variations in the activit; i 
“ y coefficients of CuSo.s(l) and FeS(l) with 
(%NaSp 5) in the NaSo.s-FeS system at 1473 K (Sano, 1991 b). 
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Figure 2.45 Variation in [%S] and Lo, with (%NaSos) in the NaSo.s—FeS system 
at 1473 K (Sano, 1991b). 
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Solution models 


Arthur D. Pelton 
Centre de Recherche en Calcul Thermochimique, Ecole Polytechnique, 
Montreal, Quebec, Canada 


3. INTRODUCTION 


Solution models permit the interpolation and extrapolation of thermodynamic 
data and the prediction of the thermodynamic properties of multicomponent 


The thermodynamics of solutions is discussed in Chapter 1; see also Pelton 
(1991). A notation Very similar to that of Chapter 1 is maintained in the 
Present chapter except that lower-case symbols are used for molar Properties. 
Thus, gfe is the Gibbs energy of one mole of an fcc solution; £i is the 
Partial Gibbs energy of component 1 of a solution; Ag; = RT In a, is the 
Telative partial Gibbs energy; Agm = (X, Ag, + Xo Ags + --.) is the integral 
molar Gibbs energy of mixing; g is the molar excess Gibbs energy; and 
= RT In y is the partial excess Gibbs energy. 


32. IDEAL RAOULTIAN SOLUTIONS 
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Figure 3.| Excess Gibbs energies of liquid Mg-Bi solutions at 700°C. (Data 
from Hultgren et al., 1973.) 


components 1 and 2 are very similar so that there will be negligible change in 
bonding energy or volume upon mixing. Hence, Avis! = 0. Furth n 
and for the same reasons, the atoms or molecules will be randomly distributed. 
over the lattice sites. (In the case of a liquid solution, we can think. of the 
‘lattice sites’ as the instantaneous atomic positions.) Boltzmann's equation 
then be used (Chapter 1, Equation 1,18) to calculate the ideal, or “Bragg= 
Williams’, entropy of mixing: As! = —R (X; In X, + X2 In X2). < 

For liquid Fe-Ni solutions, for example, we might expect the ideal 
substitutional solution model to apply reasonably well. For these solutions 
the difference between Agm and Agit is about 20% (Hultgren et al., 1973). 
which is, indeed, relatively small. In most solutions encountered in Process 
metallurgy, deviations from ideality are much larger. For example in Fig. 3.1 
we see that gl for liquid Mg-Bi solutions is over three times as large as Agia. 
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3.3. POLYNOMIAL MODELS 


3.3.1. Regular Solution Theory 


A simple regular solution in a binary system with components 1 and 2 is 
defined as one for which: 

8 =0XiX, gb-aXÀ gax? (3.1) 
where is a parameter independent of composition. Several liquid and solid 
solutions conform approximately to regular solution behavior, particularly 
if g" is small. As an example, liquid Fe-Ni solutions at 1600°C 
can be approximated to within 0.5 kJ mol`" by the regular equation: 
g^ = 112 Xg Xy; kJ mol". 

To understand why this is so, the very simple model discussed in Chapter 1 
suffices. Assume that the atoms or molecules of components 1 and 2 are of 
similar size and electronic structure such that they form a nearly random 
substitutional solution. Hence, the configurational entropy of mixing will be 
nearly ideal, We assume next that the bond energies £11, £25, and cj of nearest 
neighbor pairs are independent of T and composition, and that the average 
nearest neighbor coordination number, Z, is also constant. Finally, we assume 
that the enthalpy of mixing results mainly from the change in the total energy 
of nearest neighbor bonds. In one mole of solution there are (N°Z/2) pair 
bonds where N° is Avogadro's number. Since the distribution is random, the 
probabilities that a given bond is a 1-1, a 2-2, or a 1-2 bond are X?, X2, and 
2X, X;, respectively. The molar enthalpy of mixing is then equal to the sum 
of the energies of the pair bonds in one mole of solution, less the energy of the 
1-1 bonds in X, mole of pure component 1 and the energy of the 2-2 bonds in 
one mole of pure component 2, 


Ah, = (N°Z/2)(X?e11 + X2622 + 2X1Xa612 — Xien — X2€22) 


(3.2) 
= (N°Z)(e12 — (€11 + €22)/2)Xi X2 = C1 X, Xo 
Where C, is constant. A similar argument, with the 'vibrational entropies of 
the nearest neighbor pair bonds’, c; replacing £j; gives the nonconfigura- 
tional excess entropy term s/9?9me"^e — C y X^ where C is constant. 
Hence, Equation 3.1 results with x = (C; — CT). 

Simple nonpolar molecular solutions and simple ionic solutions often 
exhibit approximately regular behavior. In such solutions with van der 
Waals or coulombic forces, the assumption of the additivity of pair bonds is 
Probably realistic, For alloys, the concept of a pair bond is, at best, vague, and 
metallic solutions tend to exhibit larger deviations from regular behavior. The 
3pproximately regular behavior of liquid Fe-Ni solutions has already been 
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mentioned. Liquid Mg-Bi solutions (Fig. 3.1), on the other hand, do not even 
come close to being regular. 

A fundamental problem with regular solution theory arises from the 
assumption of random mixing. If 1-2 bonds are relatively ‘stronger’ than 1-1 
and 2-2 bonds, then there will be a tendency for the number of 1-2 bonds to 
be greater than that in a random mixture, since such nonrandomness will 
decrease the Gibbs energy. Similarly, if 1-2 bonds are relatively weaker, then 
the number of 1-2 bonds will be less than that in a random distribution. In 
either case, the configurational entropy is no longer ideal. This problem will 
be discussed in section 3.6. 


3.32. Polynomial Expansions 


It has been found that the excess properties of simple binary substitutional 
solutions can often be adequately represented by expanding the enthalpy and 
excess entropy as polynomials in the component mole fractions: 


BF =aXiX2 am Lan Li(X — X2) + ?Li(Xy — X2) +--+ (3.3) 


where the "L.,; are empirical coefficients which, in general, are (usually linear) 
functions of T. If the series is truncated after the first term, then the solution is 
regular. The polynomial representation can be considered to be an empirical 
extension of regular solution theory, and the fundamental assumptions of the 
polynomial model are the same as those of the regular solution model, namely 
a substitutional solution with close to random mixing. 

As an example, g^ for liquid Fe-Ni solutions at 1600°C can be represented 
by the sub-regular equation: g^ = XpeXyi (—11.22 + 6.16 (Xp. — Xu) 
kJ mol~!. This reproduces the experimental data (Hultgren et al., 1973) to. 
+0.1 kJ mol, which is well within the experimental precison. On the other 
hand, g^ of liquid Mg-Bi solutions (Fig. 3.1) cannot be adequately repre- 
sented by polynomial expansions unless an excessive number of terms is 
employed. This shows that for these solutions the basic assumptions of the 
model are incorrect. 


3.3.3. Interaction Parameter Formalism 


The interaction parameter formalism for dilute solutions of several solutes ina. 
solvent was discussed in Chapter 1. The formalism has been modified (Pelton 
and Bale, 1986; Bale and Pelton, 1990) to be consistent with the Gibbs- 
Duhem and other necessary thermodynamic relationships. With this mod- 
ification, the interaction parameter formalism is a polynomial representation 
which can be simply rearranged into other polynomial forms such as 
Equations 3.3 or 3.4. 
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A fundamental weakness of the interaction parameter formalism is the use 
of ideal configurational entropy terms. For example, a solution of Al and O in 
molten Fe is treated as a randomly mixed solution, whereas in reality the 
formation of ‘complexes’ such as AIO is expected, owing to the strong 
attractive interaction between Al and O. Neither the temperature dependence 
nor the composition dependence of such entropic contributions to g^ can be 
represented simply by the use of a very negative Ajo. Rather, complex 
formation should be explicitly taken into account. For further discussions 
and examples, see Dessureault (1993), Bouchard and Bale (1995a,b), and 
Heuzey and Pelton (1996). 


34. PHASE DIAGRAM CALCULATION/ 
OPTIMIZATION 


Phase diagrams can be calculated if expressions for the Gibbs energies of the 
phases as functions of T and composition are available. A. primary goal of 
solution modeling is to provide such Gibbs energy equations in order to 
permit the calculation of the conditions for phase equilibria in multi- 
component systems. Conversely, experimental phase diagrams are a source 
of thermodynamic data which can be used to test the solution models and to 
determine the model parameters. 

A critical thermodynamic evaluation of a binary system can be carried out 
by simultaneous optimization of all available thermodynamic and phase 
equilibrium data. Such data may include phase boundary measurements, 
component activities in solutions, calorimetric data, Gibbs energies of 
compounds, etc. All data are simultaneously optimized, by a least-squares or 
Similar technique, to obtain one self-consistent set of model parameters, 
describing the Gibbs energies of all phases, which best reproduces all the 
data. The resultant parameters can be conveniently stored in computer 
databases. 

For many solutions, a polynomial model is often sufficient. However, if the 
model equations are subsequently used to extrapolate the data, or as a basis for 
estimating properties of multicomponent solutions, then it is essential that 
Physically realistic models be used, and a polynomial model may not be 
adequate. 

Techniques of optimization have been discussed by Lukas et al. (1977), 
Dörner et al. (1980), Bale and Pelton (1983), and Königsberger and Eriksson 
(1995), A large number of. optimizations of binary systems can be found in the 
Calphad Journal (Pergamon Press). 
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3.4.1. Ternary and Multicomponent Phase Diagram 
Calculation/Estimation with Polynomial Models 


Among 70 metallic elements can be formed 70!/3! 67! — 54740 ternary and 
916895 quaternary systems. Hence, it is very important to have means of 
estimating the thermodynamic properties and phase diagrams of ternary and 
higher-order systems from optimized data for binary subsystems. 

To this end, several ‘geometrical models’, based upon regular solution 
theory, have been proposed. Three of these are illustrated for a ternary system 
in Fig. 3.2. In each of these models, g in a ternary solution at a composition 
point p is estimated from the excess Gibbs energies in the three binary 
subsystems at points a, b, and c by the equation 


BF = XiXsotiq) + X2Xs0239) + XX iei (3.4) 


where 012a)) X230), and x3; are the binary 'a-functions', as defined in 
Equation 3.3, evaluated at points a, b, and c. 

If the three binary a-functions are constants, independent of composition, 
then Equation 3.4 is the expression for g^ of a ternary regular solution. In 
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Figure 3.2 Three geometrical models for estimating thermodynamic proper- 
ties of ternary solutions from binary data. 
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this case, the three models illustrated in Fig. 3.2 are equivalent. When the 
a-functions are not independent of composition, then the Kohler model 
(Kohler, 1960) assumes that the contribution to g” from pair interactions 
between i and j atoms or molecules is constant along lines of constant XX. 
The asymmetric Toop model (Toop, 1965) also assumes this for 2-3 
interactions, but assumes that the contribution from 1-2 and 3-1 interac- 
tions is constant along lines of constant X;. The Muggianu model (Mug- 
gianu et al., 1975) assumes constant i-j interactions along lines of constant 
(X; — Xj). Other similar geometrical models have been proposed. If the 
binary solutions are approximately regular (xj & constant), then all these 
models give similar estimations of g^. If the binary solutions exhibit large 
deviations from regular behavior, then none of these models can be used 
with confidence, because they are all based upon extensions of regular 
solution theory. 

If some experimental data are available for the ternary system, then ‘ternary 
terms’ of the form aXi XX: can be added to Equation 3.4, where i > 0,j > 0, 
and k > 0 and a is an adjustable parameter, The extension of the geometrical 
models to systems of four or more components is straightforward. For 
discussions, see Ansara (1979), Spencer and Barin (1979), Hillert (1980), and 
Pelton (1988). 

A large number of ternary and multicomponent phase diagram calculations/ 
estimations can be found in the Calphad Journal. 


3.5. SUBLATTICE MODELS 


The sublattice concept has proved to be very useful in thermodynamic 
modeling. Sublattice models, which were first developed extensively for 
molten salt solutions, find application in ceramics, interstitial solutions, 
intermetallic solutions, etc. 


3.5.1. One Sublattice Occupied By Only One Species 


In the simplest limiting case, one sublattice is occupied by only one species. 
For example, liquid and solid MgO-CaO solutions can be modeled by 
assuming an anionic sublattice occupied only by O?- ions, while Mg?* and 
Ca?* ions mix on a cationic sublattice. In this case the model is formally the 
Same as that of a simple substitutional solution, because the site fractions X; Mg 
and Xc, of Mg?* and Ca^* cations on the cationic sublattice are numerically 
qual to the overall component mole fractions Xmgo and Xc,o. Solid and 
liquid MgO-CaO solutions have been shown (Wu et al., 19932) to be well 
represented by simple polynomial equations. 
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As a second example, the intermetallic c-FeSb phase exhibits nonstoichio- 
metry toward excess Fe. This phase was modeled (Pei et al., 1995) as a 
solution of Fe and stoichiometric FeSb by assuming two sublattices: an ‘Fe’ 
sublattice occupied only by Fe atoms and an ‘Sb sublattice’ occupied by both 
Fe and Sb atoms such that, per gram atom, 


Agm = 0.5 RT(yr. In Yre + Ysb In Ysb) + ayreyse. (3.5) 


where yss = (1 — Yre) = 2X sp is the site fraction of Sb atoms on the ‘Sb sites" 
and a is an empirical polynomial in ysb- 


3.52. lonic Solutions 

The structure of ionic liquids has been discussed in Chapter 2. Let us take as 
example a solution, solid or liquid, of NaF, KF, NaCl, and KCl. Since the 
number of cations must equal the number of anions, this is a ternary system 
with two composition variables, the cationic fraction Xx, = (1 — X) = "yal 
(nya + nk) and the anionic fraction Xq = (1 — Xr) = na/(ne + ncı) where 
n; is the number of ions i in solution. Compositions in such ‘reciprocal’ ternary 
systems are usually plotted on a square as in Fig. 3.3. 

If the cations are assumed to mix randomly on a cationic sublattice while the 
anions mix randomly on an anionic sublattice, then the molar Gibbs energy of 
the solution can be modeled by the following equation which contains an ideal 
mixing term for each sublattice: 


g = (Xna Xcudacr + XeXretee + XvaXrehar + XkXcigka) 
+ RT(Xwa In Xya + Xx In Xx) + RT(X¢ In Xp + Xa In Xa) + 
(3.6) 
where the factor (XNaXcı), for example, is the probability, in a random 
mixture, of finding a Na ion and a Cl ion as nearest neighbors. Differentiation. 
of Equation 3.6 gives the following expression for the activity of NaF: 
RT In ayar = -Xg Xa AG Ae 4 RT In(XnaXr) ce 6T) 
where AG*?"*"?"** is the Gibbs energy change for the following exchange 
reaction among the pure salts: 


NaCl+KF=NaF+KCl AGS = ghp + eli — saci — Ekr (3-8) 
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involves the formation of K*-F~ and Na^-CIl- nearest neighbor pairs at 
the expense of the energetically preferable Na^-F- and K^-Cl- pairs. If 
AG™ Danse is sufficiently large, a miscibility gap will be formed, centered on 
the stable diagonal joining the stable pair. 

Blander (1964) proposed the following expression for g^ in Equation 3.6: 


g” = Xssifaci-vie  XkEkci- kg + XpéNar_xe + Xogfaci-ka 
— Xu XXe Xci( AG)? | zT 


where, for example, gc; xay is the excess Gibbs energy in the NaCl-NaF 
binary system at the same cationic fraction Xs, as in the ternary, and where Z 
is the first coordination number. That is, g^ contains a contribution from each 
binary system. The final term in Equation 3.9 is a first-order correction for 
nonrandom mixing which accounts for the fact that the number of Na *-F~ 
and K*-Cl~ nearest neighbor pairs will be greater than the number of such 
pairs in a random mixture. This term is usually not negligible. 

The phase diagram in Fig. 3.3a was calculated by means of Equations 3.6 
and 3.9 solely from optimized excess Gibbs energies of the binary systems and 
from compiled data for the pure salts. Agreement with the measured diagram 
is very good. 

Equations 3.6 and 3.9 can easily be modified for solutions in which the 
numbers of sites on the two sublattices are not equal, as in MgCl;-MgF;- 
CaCI;-CaF,; solutions. Also, in liquid salt solutions the ratio of the number of 
lattice sites on one sublattice to that on the other sublattice can vary with 
concentration, as in molten NaCI-MgCl;-NaF-MgF, solutions. In this case, 
it has been proposed (Saboungi and Blander, 1975) that the molar ionic 
fractions in all but the random mixing terms of Equations 3.6 and 3.9 should 
be replaced by equivalent ionic fractions. Finally, the equations can be 
extended to multicomponent solutions. These extensions are all discussed by 
Pelton (1988). 

For solutions such as liquid NaF-KF-NaCI-KCI solutions for which 
AGE is not too large, Equations 3.6 and 3.9 are often sufficient. For 
solutions with larger exchange Gibbs energies, however, in which liquid 
immiscibility appears, these equations are generally unsatisfactory. It was 
recognized by Saboungi and Blander (1974) that this is due to the fact that 
account must also be taken of the effect of nonrandomness upon the second 
nearest neighbor cation-cation and anion-anion interactions, and to do this 
Blander proposed additional terms in Equation 3.9. Recently, Dessureault 
and Pelton (1991) modified Equations 3.6 and 3.9 to account more rigorously 
for nonrandom mixing effects, with good results for several molten salt 
systems with miscibility gaps. 


(3.9) 
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3.5.3. Interstitial Solutions 


As an example of the application of the sublattice model to interstitial 
solutions we shall take the fcc phase of the Fe-V-C system. Lee and Lee 
(1991) have modeled this solution using two sublattices: a metallic sublattice 
containing Fe and V atoms, and an interstitial lattice containing C atoms and 
vacancies, va. The numbers of sites on each sublattice are equal. An equation 
identical to Equation 3.6 can be written for the molar Gibbs energy: 


£ = XpeXinBReva  XreXcefec + XeXinBYva Xv XCEQ. 
+ RT(Xpe In Xpe'+ Xy In Xy) + RT(Xc In Xc + Xv In Xa) g^. (3.10) 


where Xp, = (1 — Xy) and Xc = (1 — X,,) are the site fractions on the two 
sublattices and *Feva' and “Vva’ are simply pure Fe and V. That is, gp.,, = gf. 
An expression forg” as in Equation 3.9, although without the final nonrandom 
mixing term, was used by Lee and Lee with optimized binary g” parameters. 
Their calculated Fe-V-C phase diagram is in good agreement with experi- 
mental data. The sublattice model has been similarly applied to many 
interstitial solutions by several authors. 


3.5.4. Ceramic Solutions 


Many ceramic solutions contain two or more cationic sublattices. As an 
example, consider a solution of Ti;O; in FeTiOs (ilmenite) under reducing 
conditions. There are two cationic sublattices, the A and B sublattices. In 
FeTiOs, Fe?* ions and Ti** ions occupy the A and B sublattices, respec- 
tively. With additions of Ti,03, Ti?’ ions occupy both sublattices. The 
solution can be represented as (Fej, Ti?*)A(Tij* ,Ti?*)gOs where x is the 
overall mole fraction of Ti;O.. The ions are assumed to mix randomly on each 
sublattice so that 


Astel — 3R(1— x) In(1 — x) + x In x] (3.11) 


Deviations from ideal mixing are assumed to occur due to interlattice cation- 
cation interactions according to 


(Fek — Tig*) + (Ti^ Tift) = (Feà* — Tig) + (Ti! — Tis) 


3.12 
AGi2 =a+6T fed 


Where a and b are the adjustable parameters of the model. The probability that 
an A-B pair is an (Feĝ* — Ti^) or a (Tit — Ti^) pair is equal to x(1 — x). 
Hence, g® = x(1 — x)(a + bT). 

Similar models can be proposed for other ceramic solutions such as spinels, 
Pseudobrookites, etc. These models can rapidly become very complex 
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mathematically as the number of possible species on the lattices increases. For 
instance, in Fe304-Cos0, spinel solutions, Fe?" , Fe?" , Co^* , and Co?* ions 
are all distributed over both the tetrahedral and octahedral sublattices. Four 
independent equilibrium constants are required (Pelton et al, 1979) to 
describe the cation distribution even for the ideal mixing approximation. 
This complexity has been rendered much more tractable by the ‘compound 
energy model’ (Sundman and Agren, 1981; Hillert et al., 1988). This is nota 
separate model, but is rather a mathematical formalism permitting the 
formulation of the model in terms of the Gibbs energies, e^, of ‘pseudocom- 
ponents’ so that equations similar to Equation 3.6 can be used directly. 


3.5.5. The Compound Energy Model 


As an example, the model for the FeTiO;-Ti;O; solution in section 3.5.4 will 
be reformulated. By taking all combinations of an A-sublattice species and B- 
sublattice species, we define two real components, (Fe^*)A(Ti**)gO, and 
Cry. (ri** )gOs, as well as two ‘pseudocomponents,’ (Fe? ' (Ti? * pO 
and (Ti?  )A(Ti* *)gOj . 

Pseudocomponents, as in the present example, may be charged. Similarly to 
Equation 3.6, the molar Gibbs energy can be written 


g= (1.— x! efrio, + 78,0, * X1 — X)speno; *x(1— xeo; — Taste 
(3.13) 


Note that charge neutrality is maintained in Equation 3.13. The Gibbs 
energies of the two pseudocomponents are calculated from the equation 


AGi; —a-bT = &Eerio; * Eino; — &&erio, — £Tuo, (3.14) 


TOME AG» is the Gibbs energy change of reaction (3.12). One of ferio; or 
Eh „o; may be assigned an arbitrary value. The other is then given by Equation 
3.14. ` By substitution of Equation 3.14 into Equation 3.13, it may be shown. 
that this formulation is identical to the regular solution formulation given in 
section 3.5.4. Note that excess terms, £g, could be added to Equation 3.13, 
thereby giving more flexibility to the model. In the present example, however, 
this was not required. 

The compound energy model is described and developed by Barry et al. 
(1992), who give many more examples. An advantage of formulating the 
sublattice model in terms of the compound energy model is that it is easily 
extended to multicomponent solutions. It also provides a conceptual frame- 
work for treating many different phases with different structures. This 
facilitates the development of computer software and databases because 
many different types of solutions can be treated as cases of one general model. 
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3.5.6. Nonstoichiometric Compounds 


Nonstoichiometric compounds are generally treated by a sublattice model. 
Consider such a compound A, _ 5 B; +s. The sublattices normally occupied by 
A and B atoms will be called, respectively, the A-sublattice and the B- 
sublattice. Deviations from stoichiometry (where 6 = 0) can occur by the 
formation of defects such as B atoms on A sites, vacant sites, atoms occupying 
interstitial sites, etc. Generally, one type of defect will predominate for 
solutions with excess A and another type will predominate for solutions with 
excess B. These are called the majority defects. 

Consider first a solution in which the majority defects are A atoms on B sites 
and B atoms on A sites: (A, — ,B,)A (A,B, ..)g. It follows that 6 = (x — y). In 
the compound energy model formulation we can write, for the molar Gibbs 
energy, 


g — (1 — x31 — x) + (1.— x)ygRa + xX(1 — eb + WEBA 


+ RT(x In x - (1 — x) In (1 — x) - yIn y - (1 — y) In (1 — y)) GD 


where gf, is the molar Gibbs energy of (hypothetical) defect-free stoichio- 
metric AB. Now the defect concentrations at equilibrium are those which 
minimize g. Therefore, setting (9g/x) = (dg/Ay) = 0 at constant à, we obtain 


xy Agi + Ago 

d-3023 A| Lay se iene ) 9 
where Ag; = (gh — £&g) and Ag: = (ed — 83n) are the Gibbs energies of 
formation of the majority defects and where gga has been set equal to gîp. At a 
given composition ô = (x — y), and for given values of the parameters Ag; and 
Ag2, Equation 3.16 can be solved to give x and y, which can then be 
substituted into Equation 3.15 to give g. The more positive are Ag, and Ag», 
the more steeply g rises on either side of its minimum, and the narrower is the 
range of stoichiometry of the compound. 

Consider another model in which the majority defects are vacancies on the 
B-sublattice and B atoms on interstitial sites. We now have three sublattices 
with occupancies: (A), (Bi. , Va,)p (B,Va) — .): where ‘I’ indicates the inter- 
stitial sublattice. The A-sublattice is occupied exclusively by A atoms. Va 
indicates a vacancy. Stoichiometric defect-free AB is represented by 
(A)(B)(Va) and (x — y) = 26/(1 — à). Per mole of A, B,.5, the Gibbs 
energy is 


g = (1 —8){(1 — x) —y)efay, + (1 — bye -F x(1 — y)gAne + :O£Avan. 
+ RT(xln x - (1 — x) In (1 —x)+yIny+(1 — y) In (1 — )] 
(3.17) 
Equation 3.17 is identical to Equation 3.15 apart from the factor (1 — à), and 
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gives rise to an equilibrium constant as in Equation 3.16. Other choices of 
majority defects give rise to very similar expressions. The model can easily be 
modified to account for other stoichiometries A, B,, for different numbers of 
available interstitial sites, etc., and the extension to multicomponent solutions 
is straightforward. 


3.5.1. Applications of the Sublattice Model 


The sublattice model has been extensively refined and promoted by SGTE 
(Scientific Group Thermodynamics Europe). The compound energy model 
formulation is used in most cases. Frequently, three or more sublattices are 
postulated. The model is very versatile, being useful, for instance, in describ- 
ing order-disorder transformations. Although the sublattice concept is very 
important, it is sometimes used artificially, with the introduction of artificial 
sublattices populated by artificial species, in order to treat such things as 
short-range ordering (see section 3.6.4). In such cases in which the model does 
not correctly reflect the actual structure of the solution, results are often 
unsatisfactory. 


3.6. SHORT-RANGE ORDERING 


3.6.1. Quasichemical Model 


It was pointed out at the end of section 3.3.1 that there is a basic fallacy in the 
regular solution model, namely that random mixing occurs even when g is 
not zero. To account for nonrandom mixing, the regular solution model has 
been extended though the quasichemical model for short-range ordering devel- 
oped by Guggenheim (1935) and Fowler and Guggenheim (1939) and 
modified by Pelton and Blander (1984, 1986) and Blander and Pelton (1987). 
The model is outlined below. For a more complete development, see the last 
two articles cited above as well as Degterov and Pelton (1996). 
For a binary system, consider the formation of two nearest neighbor 1-2 
pairs from a 1-1 and 2-2 pair: 
(1-1) + (2-2) = 2(1-2) (3.18) 
Let the molar Gibbs energy change for this reaction be (œ — 77). Let the 
nearest neighbor coordination numbers of 1 and 2 atoms or molecules be Z, 


and Z2. The total number of bonds emanating from an i atom or molecule is 
Z,X;. Hence, mass balance equations can be written as 


ZiXi—2mi-ma 2X2 = 2m22+m2 (3.19) 
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where nj is the number of i-j bonds in one mole of solution. ‘Equivalent 
fractions’ may be defined as 

2X1 
2X1 + 2.X2 
where the total number of pairs in one mole of solution is (Z;X, + Z2X2)/2. 
Letting Xy be the fraction of i-j pairs in solution, Equation 3.19 may be 
written as 


Yizi1-Y- (3.20) 


2Y; = 2X11  Xi2 2Y2 = 2X» + Xi (3.21) 


The molar enthalpy and excess entropy of mixing are assumed to be directly 
related to the number of 1-2 pairs: 


Ahm — TyPnonconfi) — (Z, X, + ZX2)Xi2(w — nT)/4 (3.22) 


An approximate expression for the configurational entropy of mixing is given 
by a one-dimensional Ising model: 


R 
Assent — — R(X, 1n X; + X? In X2) — z% +Z,X2)[Xi1 In(X1/Y?) 


+ Xaa In(X22/ Y2) + X2 In(X12/2Y1 Y2)] 
(3.23) 


The equilibrium distribution is calculated by minimizing Ag,, with respect to 
X3 at constant composition. This results in a ‘quasichemical’ equilibrium 
constant for reaction (3.18): 


Xo (o — nT) 
RNR SORT: ) d 


When (w — nT) = 0 the solution of Equations 3.21 and 3.24 gives a random 
distribution with Xi; = Y}, X22 = Y2and X;; = 2Y, Y2, and Equation 3.23 
reduces to the ideal Raoultian entropy of mixing. When (w — nT) becomes 
very negative, 1-2 pairs predominate. A plot of Ah, or sP??*"f&) yersus 
composition then becomes V-shaped and a plot of Ass" becomes m-shaped, 
with minima at Y, = Y; = 1/2, which is the composition of maximum 
ordering, as illustrated in Fig. 3.4. When (w — nT) is quite negative, the plot 
of g^ also has a negative V-shape. Mg-Bi liquid alloys (Fig. 3.1) are an 
example of a system exhibiting such behavior. To apply the quasichemical 
model to this solution we would set ZpilZmg = 2/3 so that Ypi = 0.5 when 
Xni = 0.4, which is the position of the Gibbs energy minimum. 

For Fe-S liquid solutions, the activity coefficients of sulfur as measured by 
Several authors are plotted in Fig. 3.5. It is clear in this case that the model 
should be applied with Zp. = Zs. The curves shown in Fig. 3.5 were 
calculated from the quasichemical model with (c — nT) expanded as the 
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Figure 3.4 Molar enthalpy and entropy of mixing for a system A-B calculated 
at 1000°C with Z, = Z; = 2 from the quasichemical model for short-range order- 
ing with (w — nT) = constant = 0, —21, —42, and —84 kJ. 


following optimized (Kongoli, 1996) polynomial: 
(o — nT) =—(70017 + 9T) — 74 042Ys — (798 — 15T)¥3 
+40791Y% ( mol) 


Far fewer parameters are required than if a polynomial expansion of g^ as in 
Equation 3.3 were used. Furthermore, and more importantly, the model 
permits successful predictions of the properties of multicomponent systems as 
illustrated in Fig. 3.6, where measured sulfur activities in quaternary liquid 
Fe-Ni-Cu-S solutions are compared with activities calculated (Kongoli, 
1996) solely from the optimized model parameters for the Fe-S, Ni-S, and 
Cu-S binary systems. A pair exchange reaction (3.18) was assumed for each 
M-S pair (M. = Fe, Ni, Cu), and an optimized polynomial expansion of 
(wms — nms T) as a function of Ys as in Equation 3.25 was obtained for each 
binary. Three equilibrium constant equations like Equation 3.24 were 
written, and it was assumed that (ws — rwsT) in the quaternary system 
was constant at constant Y's. No adjustable ternary or quaternary parameters 


(3.25) 
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Figure 3.5 Activity coefficient of sulphur in liquid Fe-S solutions calculated 
from optimized model parameters and comparison with experimental data 
(Kongoli, 1996). 


were required to obtain the agreement shown in Fig. 3.6, although the model 
permits the inclusion of such terms if required. 

The modified quasichemical model has been successful in treating oxide 
slags and glasses as will be discussed in section 3.7.1. 

When (o — nT) is expanded as a polynomial as in Equation 3.25, the 
quasichemical model and the polynomial model of section 3.3.2 become 
identical as (w — T) approaches zero. That is, the polynomial model is a 
limiting case of the quasichemical model when the assumption of ideal 
configurational entropy is made. 

When (co — nT) is positive, (1-1) and (2-2) pairs predominate. The 
quasichemical model can thus also treat such clustering which accompanies 
Positive deviations from ideality. 

Work is currently in progress in the author's research group to render the 
model more flexible by permitting the Z; to vary with composition and by 
expanding the (w — 57) as polynomials in the bond fractions X; rather than 
the overall component fractions. A merger of the quasichemical and sublattice 
models is also under development. 
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Cu-Fe-Ni-8 «F'A*C*T» where rot = (wg + "gi + nmg,Bi¿) and where (œw — nT) is the molar Gibbs 

on energy change for the complexation reaction 
n 3 i 3Mg + 2Bi = Mg;Biz (3.28) 


Anicu * 21-22 


Setting d(Ag,)/dnwg,ni, = 0, we obtain an equilibrium constant: 


Xup. o (@-nT) 
moer el RT ) PD 


v 
ame = oai For a given value of (œ — 77), Equations 3.26 and 3.29 can be solved to give 
MiMe» "pir ANd "yg, pi;; which can then be substituted back into Equation 3.27. 
Negative values of (w — nT) yield curves of Ah,, and Ascontig similar to those of 
Fig. 3.4. It may be noted that the model does not reduce to an ideal solution 
model when the Gibbs energy (w — nT) of the complexation reaction (3.28) is 
zero, but only as this value approaches infinity. Also, unlike the quasichemical 
model, the association model cannot treat the clustering which occurs when 
there are positive deviations. 
Although the association model is mathematically simple, it is usually 
artificial. That is, it does not reflect the true structure of the solution. Also, 
in dilute solutions, Henry’s law may not be obeyed except at very high 
dilution. In the Mg-Bi solutions, for example, the model presumes that Bi 
Figure 3.6 Equilibrium partial pressure of S; at 1200°C over Fe-Ni-Cu-S atoms, even in dilute solution in Mg, are paired (in the complexes), thereby 
mattes predicted by the quasichemical model from binary data (Kongoli, 1996) giving only half the correct partial configurational entropy of Bi. The most 
and comparison with experimental data (C.W. Bale and J. Toguri, private com- serious problem with using an artificial model, however, is that good predic- 
munication, 1996.) tions cannot be made. Molten Fe-Ni-Cu-S solutions have been modeled 
(Chuang et al., 1985) by assuming NiS, FeS, and Cu;S associated molecules 
mixing with unassociated atoms. The properties of the multicomponent 

3.6.2. Association Models solution cannot be predicted from the binary data, and can only be repre- 
sented through the use of several ternary and quaternary parameters. 


Frenhre/ Dee Kcu 


0.5 1o9Ps, atm 


Mole Fraction S 


V-shaped curves of Ah,, and m-shaped curves of Astonfis similar to those in 


Fig. 3.4 for solutions with short-range ordering also result from models which 3.6.3. Coordination Cluster Model 
postulate associated species. For example, Mg-Bi liquid alloys (Fig. 3.1) can. 
be modeled by assuming the existence of MgsBi; molecular complexes which Association models are, of course, justified when they provide a reasonable 
substitute with unassociated Mg and Bi atoms on one lattice. The mass approximation of the actual structure of the solution. An example was cited at 
balance equations are the end of section 3.3.3. Al and O dissolved in molten Fe can be modeled as 
forming AIO complexes. This approach for dilute solutions has been extended 
XMg = "Mg + Snap, XBi = Mpi + 2nMg Biz (3.26) (Blander et al., 1979) in the <Gbbedinsticn Cluster Model’ for dilute solutions 
where 7mg,Bi,, "Mg and ng; are the numbers of moles of complexes and of of a solute in a multicomponent solvent. For a solute C (such as oxygen) ina 


binary solvent A-B (say Fe-AI) with coordination number Z, each C is 


unassociated Mg and Bi atoms per mole of components. Furthermore, 
assumed to be surrounded by (Z — i) A atoms and i B atoms where 


Agm = RT (nme In Xy, + nsi In Xp + nug;gi, In Xy gi.) + "Mg ni (0 — T) O<i<Z. One can write (Z+1) equilibria, each with an equilibrium 
(3.27) constant: 
where Xj, = (n/mror) Xhi = (nsi/mror) and. Xy ai, = imen rors C-(Z-iJA-iB—-CAz;B;  K (3.30) 
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where CAz_ ;B; is a ‘coordination cluster’. Thus, if C has a higher affinity for 
B than for A, then the K; are larger for larger i. Henry's law applies for all 
species containing C. This model has been shown to give very good results in 
metallic, ionic, and aqueous solvents (Blander and Saboungi, 1981). 


3.6.4. Two-Sublattice Model for Liquids 


A two-sublattice model for liquids proposed (Hillert et al., 1985; Sundman, 
1991) to account for short-range ordering has been quite widely applied 
recently to molten alloys, sulfides and oxides. It has been used, for instance 
(Oh et al., 1992) for the optimization of liquid Mg-Bi alloys (Fig. 3.1). In this 
example the model can be represented as 


(Mg?*),,,. (Bi? Va}, Bip), 


where Mg" ‘cations’ are the sole occupants of a ‘cationic’ sublattice and Bi?~ 
‘anions’, neutral Bi atoms, and charged vacancies occupy an ‘anionic’ 
sublattice. The ratio 2/(2 + x — 2y) of the numbers of sites on the two lattices 
varies with composition. The Gibbs energy is written as in the sublattice 
model (section 3.5.5) with pseudocomponents Mgj'Vaj- (2 moles of pure 
Mg), Mg; Bi? (2 moles of pure Bi), and Mg?' Bi] (a hypothetical completely 
ordered solution at Xp; = 0.4). If AG? for the formation of Mg2* Bi]. from 
Mgt Va? and Mgj' Bi} is very negative, then at Xp; = 0.4 the solution will 
be highly ordered, with most anionic sites occupied by Bi?^- ions (x + 1, 
y & 0). If AG? for this reaction is very positive, then there will be very few 
Bi^- ions at any composition (x œ% 0). In this case, the number of Va^— 
vacancies is equal to the number of Mg^" cations. Hence, A2?" for the 
mixing of the Va^- vacancies and Bi? atoms on the anionic sublattice is 
numerically equal to As2"5€ for an ideal mixture of Mg and Bi. 

Polynomial excess terms can be included in the model in the general case of 
multicomponent solutions. When ‘anions’ are not present, the model reduces 
to the polynomial model as in sections 3.3.2 and 3.4.1 (Sundman, 1991). The 
drawbacks to the model are its mathematical complexity and its artificiality. 
Also, like the association model, the model cannot treat the clustering which 
accompanies positive deviations. 


3.6.5. Cluster Variation Method 


The assumption of random mixing is a zeroth-order approximation. The 
mixing of pairs, as in the quasichemical model, is a first-order approximation 
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to the configurational entropy. Higher-order approximations take into 
account the distribution of clusters of three or more particles. A discussion is 
beyond the scope of the present article. The cluster variation method (CVM) 
has been applied to a priori predictions in alloy systems and to ordering 
phenomena. Despite its mathematical complexity, it holds promise for future 
applications in modeling and predicting in many systems; see Kikuchi and de 
Fontaine (1977), Sanchez and de Fontaine (1978), and Pitsch and Inden 
(1991). 


3.7. SLAGS AND GLASSES 


The structure of slags and glasses, particularly silicates, is discussed in 
Chapter 2. A practical goal is to develop a model which is general, mathema- 
tically simple enough to use for calculations in multicomponent solutions, and 
realistic enough to have good predictive capacity. 


3.7.1. Quasichemical Model 


Success has been had with the quasichemical model discussed in section 3.6.1. 
In a binary silicate melt or glass, AO,-SiO; (A — Ca, Mg, Na, ...), the 
tendency to short-range ordering can be identified with the tendency to form 
SiOj- ions or with the break-up of the silicate network and the resultant 
formation of second-nearest neighbor A-Si pairs. At the orthosilicate compo- 
sition, A2, SiO,, a completely ordered solution can be considered to consist of 
only A?** cations and SiO1- anions. This is equivalent to saying that there are 
only A-Si pairs and no A-A of Si-Si pairs. An Si-Si pair can be considered to 
be joined by a doubly-bonded (network) oxygen, and an A-A pair is a pair of 
cations separated by an O?- ion. Hence, the quasichemical reaction (3.18) is 
applied for second-nearest neighbour pairs: 


(A-A) + (S-Si) = 2(A-Si) (3.31) 


and this is related to the well-known equilibrium between free, singly- 
bonded, and doubly-bonded oxygens: 


0? +0° = 20- (3.32) 


It must be stressed that the modified quasichemical model is not intended as a 
detailed theory of the melt structure, but rather as a formalism, having the 
advantages of mathematical simplicity and generality, which appears to have 
the characteristics required for relatively reliable interpolations and extra- 
Polations of data into unmeasured regions and for extensions to multi- 
component solutions. 
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In systems AO-SiO; with a divalent cation A, the enthalpy, entropy, and 
Gibbs energy of mixing pass through a minimum. near Xsio, = 1/3. Therefore 
we set Zsi/Z4 = 2. Although there is less evidence in the case of monovalent, 
trivalent, or tetravalent species, we assume that in these cases the position of 
maximum ordering also occurs near the orthosilicate composition, so that Zsil 
Za = 4 when A is monovalent and Zs;/Z4 = 4/3 when A is trivalent. The 
values of Z; used in the model are chosen so that Ascomie 7 0 at the 
composition of maximum ordering (YA = Ys; = 1/2) for a completely 
ordered solution (Xs; = 1) for a system AO-SiO, where Zsi|Za = 2. This 
condition is satisfied when Zs; = 2.7548 and Z4 = 1.3774 as can be shown 
from Equation 3.28. In order to maintain the same values of Z; consistently for 
all systems containing i, values of Z4 = 2.0661, 1.3774, and 0.6887 are used 
when the cations A are trivalent, divalent, and monovalent, respectively, 
‘These nonphysical values of Z; result from the use of the one-dimensional 
Ising model in Equation 3.23. 

As an example, the calculated optimized (Eriksson et al., 1994) phase 
diagram of the CaO-SiO, system is compared to some experimental points in 
Fig. 3.7. For the molten slag phase, the following quasichemical parameters 
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Figure 3.7  CaO-SiO; phase diagram calculated from optimized parameters 
and comparison with experimental data. (Reproduced from Eriksson et al. 
(1994), with kind permission from Elsevier Science Ltd, U.K.) 
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were obtained by simultaneous optimization of all phase diagram and liquid 
activity data: 
(@ — nT) = (7158 218 + 19.456T) — 37 932Ys; — 90 148Y$, 


s x (3.33) 
+ (439 893 — 133.8887)¥Z, (J mol”) 


As described in section 3.6.1, the quasichemical model can be applied to 
multicomponent solutions. In Fig. 3.8 is shown the phase diagram of the 
FeO-MgO-SiO, system in equilibrium with Fe, calculated (Wu et al., 1993b) 
using the quasichemical model for the liquid phase. No ternary parameters 


go 
(2) Fec 


Weight % im 


Figure 3.8 Calculated liquidus projection of the FeO-MgO-SiO, system in 
equilibrium with Fe. Temperature in °C. (Reproduced from Wu et al., 1993b.) 
Dotted lines are measured (Bowen and Schairer, 1935). (Originally published in 
ISIJ Int as figure 8.) 
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were required. The FeO-MgO, FeSiO;-MgSiO; and Fe;SiO4-Mg;SiO, 
solid solutions were treated as regular, with one parameter each. As discussed 
by Wu et al. (1993b), the measured liquidus is reproduced very closely at all 
compositions as are solid-liquid tie-lines for the FeSiO,-MgSiO; and 
Fe;SiO4-Mg;SiO, joins. 

Work is in progress in the author's research group to develop a database for 
calculating the properties of multicomponent oxide slags and glasses from 
optimized quasichemical parameters for binary and ternary subsystems. Over 
100 systems have already been optimized. 


3.72. Cell Model 


The ‘cell model’ of Kapoor and Frohberg (1971), modified by Gaye and 
Coulombet (1984), is formally very similar to the quasichemical model. For 
example, a binary slag, AO-SiO», is considered to contain the following. 
‘cells’: A-O-A, Si-O-Si and A-O-Si. The formation of the mixed cells can be 
written 

(A-O-A) + (Si-O-Si) = 2(A-O-Si) (3.34) 
with an energy (w — nT). The similarity to reactions (3.31) and (3.32) is 
clear. The cells are randomly distributed. The number of each type of cell at 
equilibrium is found by minimizing Ag, as in the case of the quasichemical: 
model. Rather than expanding (w — nT) for reaction (3.34) as a polynomial, 
Kapoor and Frohberg considered interaction energies £Asi,sis; between A-O- 
Si and Si-O-Si cells and €aa,sisi between A-O-A and Si-O-Si cells (this is 
formally very similar to expanding (w — nT) in the quasichemical model as a 
polynomial in the bond fractions X;). The cell model has been applied to 
multicomponent systems with generally good results. The nonrandom. 
mixing in basic ternary slag systems discussed in section 3.7.1 is also 
accounted for by this model. The cell model is used in the IRSID database 
for slags. 


3.7.3. Sulfide, Sulfate, Carbonate, etc. *Capacities' in 
Slags and Glasses 


The ‘capacities’ of a slag or glass to dissolve various anions were defined in 
Chapter 2. A very simple model for their calculation was proposed by Reddy 
and Blander (1987) and modified by Pelton et al. (1993). The model si 
that the activities of the oxide components are known. Let us take as example: 
binary MnO-SiO, slags. The exchange of oxygen and sulfur between the slag 
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and other phases can be written 


MnO(lig) + 3S2(g) = MnS(lig) + 3O;(g) (3.35) 
for which the equilibrium constant is 
1/2 
r- (e) z 
4MnO, 


where amns and amno are the activities in the slag. For dilute solutions of MnS 
the model assumes that S*~ ions form an ideal solution, substituting for O^— 
ions and for SiO, groups. Furthermore, for basic slags with Xsio, < 1/3, it 
is assumed that the only species in solution are Mn?* cations and O^-, S?- 
and SiO} anions. Per mole of solution there are then Xs moles of S?~ 
anions, Xsio, moles of SiO}~ anions, and (Xmno — 2Xsio,) moles of O?~ ions 
which substitute ideally on (Xmno — Xsio, + Xmas) anion sites. The activity 
of MnS is thus 


Xmas 


Sa 3.37 
Xmno — Xsio, + Xmas (930 


üMnS = 
For an MnO-SiO; slag of a given composition, amno is known, and the 
constant K in Equation 3.36 can be obtained from thermodynamic tables. 
Substitution of Equation 3.36 into Equation 3.37 then permits Xmns to be 
calculated for a given po, and ps,. The equation can be rearranged to express 
the MnS solubility as a ‘sulphide capacity’ Cs: 


1 — 2Xsio, 


—3———V-—— (338 
XmnoMmno + Xsio, Msio; G59 


1/2 

Cs = (ws (22) = 100MsKayso 

Ps; 
where M; is the molecular weight of i. 

For acidic slags with Xsio, > 1/3 the model assumes that the concentration 
of O?- ions is negligible. Per mole of solution there are then (2Xsio, — Xmno) 
moles of ‘bridging’ oxygens bonded to two Si atoms, and the remaining 
oxygens are singly-bonded to one Si. 

The entropy is calculated in two steps. First, Xmns moles of S?~ ions and 
Xsio, moles of silicate tetrahedra are distributed randomly on a quasilattice. 
Then the (2Xsio, — Xmno) bridging oxygens are distributed randomly 
between neighbouring silicate tetrahedra. The resultant expression for the 
‘ideal’ activity of MnS is then substituted into Equation 3.37, which can be 
rearranged to give 


Xsio; ( = a (3.39) 
Mino + Xsio,Msio, V. 2Xsio, 


Sulphide capacities of MnO-SiO, slags were calculated from Equations 3.38 
and 3.39 with amno taken from an earlier optimization of the MnO-SiO; 


Cs = 100MsKamno 3a 
O: 
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Figure 3.9 Calculated sulphide capacities in MnO-SiO; slags compared to 
measured data (Abraham et al., 1960; Sharma and Richardson, 1965). (Repro- 
duced from Pelton et al., 1993, with permission.) J 


system. The results are shown in Fig. 3.9 to be in very good agreement wi 
measured data. It should be stressed that these are a priori calculations 
involving no adjustable parameters, 


Na50, etc.) and SiO2, TiO2, and AIO;/; were taken as acidic. Good ag 
with measurements was obtained. The model was also extended to mi 
component solutions with similarly good results. : 

‘The same model can be applied to dilute solutions of other anions in oxid 2 
slags and glasses. For example, at high oxygen partial pressures if 
dissolves as sulphate ions, and the sulphate capacity can be calculated by 
assuming that SO;- ions substitute for O?- ions and silicate tetrahedra just 
in the case of S?~ ions. Sulfate capacities (expressed as SO; solubiliti 
calculated a priori for a multicomponent glass are compared in Table 3.1 v 
experimental data. Good results have also been obtained for carbonate and 
chloride capacities, and reasonable agreement has been found for phospl te 
capacities. The simple model does not apply, however, for fluoride or 
hydroxyl capacities, probably because these ions can also bond directly to the 
silicon atoms in the network. 
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Table 3.1 Calculated SO; solubilities* in SiO;- CaO -Na;O -(Al,O,- MgO) 
glasses compared to measurements of Papadopoulos (1973) 


———————————— 


Mole fraction SO;(mole fraction) 


T(C) SiO, ALO; CaO MgO NaO Exp. Calc. 
(corrected) 
1370 0.721 0.000 0.136 0.005 0.127 0.00745 0.00715 
0.722 0.0001 0.142 0.004 0.123 0.00636 — 0.00685 
0.74| 0.001 0.089 0.003 0.159 0.00664 0.0103 
0.707 0.001 0.200 0.005 0.083 0.00280 0.00417 
0.715 0.001 0.193 0.005 0.083 0.00280 0.00385 
0.710 0.001 0.196 — 0.005 0.085 0.00238 0.00420 
0.653 0.000 0.195 0.005 0.133 001216 0.0162 
0.653 0.000 0.196 0.004 0.132 0.01265 0.0161 
0.657 0.000 0.194 0.005 0.131 0.001050 — 0.0151 
0.661 — 0.000 0.195 0.005 0.127 0.00967 0.0137 
0.685 0.000 0.144 0.0004 0.154 0.01066 0.0156 
0.778 0.001 0.090 0,004 0.123 0.00360 0.0044 
0.778 0.0001 0.144 0.004 0.071 0.00133 — 0.00185 
1373 0.653 0.000 0.196 0.004 0.132 0.0126 0.0157 
1397 0.660 0.002 0.198 0,005 0.128 0.0115 — 0.0108 
1403 0.659 0.000 0.194 0.004 0.131 0.00107 — 0.0108 
1427 0.677 0.000 0.187 0.005 0.123 0.0066 0.0060 
1433 0.669 0.000 0.192 0.004 0.128 0.0062 0.0069 
1451 0.660 0.002 0.201 0.005 0.128 0.0063 — 0.0063 
1453 0.665 0.002 0.194 0.006 0.129 0.0050 0.0058 
1483 0.666 0.002 0.199 0.005 0.125 0.0038 0.0040 


3.8. APPLICATIONS 


In recent years there has been much activity in the development of solution 
databases through the systematic optimization of data for 2- and 3-component 
Systems using appropriate models. The model parameters are stored in 
Computer databases, and the models are used to predict Gibbs energies of 
multicomponent solutions. Databases for solutions of. alloys, slags and glasses, 
ceramics, mattes, salts, carbonitrides, etc. have been developed. A summary of 
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Figure 3.10 Calculated section of the Fe-V-Cr-C phase diagram at 0.3 wt,% 
and 850°C (Lee and Lee, 1992). (Reproduced from Pelton (1996), with kind 
mission from Elsevier Science, The Netherlands.) 


thermodynamic databases for metallurgy and materials applications 
prepared by Bale and Eriksson (1990). These solution databases are 
along with extensive thermodynamic databases for pure substances and 
general Gibbs energy minimization software, in several publicly 
calculation/database packages for the computation of thermodynamic eq 
bria in complex systems. Three of the largest such software/database pa 
are F*A*C*T (Montreal), Thermocalc (Stockholm), and MTDAT: 
(Teddington, UK). 

A sample calculation produced with the Thermocalc software (Lee and 
1992) is shown in Fig. 3.10. A calculated section of the Fe-V-Cr-C 
diagram in shown at 0.3 wt.% C at 850°C. Sublattice models were used for 
phases, with excess properties expressed as polynomials. For example, the 
and fcc phases were modeled as interstitial solutions as in section 3.5.3. 
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(gram) 77 TiO2 + 6 MgO + 6 SiO2 + 6 A1203 + 
4— —— Input 
5 FeS + 100 FeO + 18 C = 


241.62 litre ( 99.109 volt CO 
* 0.77477 vol% CO2 
+ 0.47422E-01 volt SiO 
+ 0.26623E-01 volt Fe 
+ 0.19730E-01 volt COS 
+ 0,99812E-02 volt Sis 
+ 0.72421E-02 volt S2 
+ 0.22667E-02 volt S 
+ 0.17019E-02 volt Mg 
+ 0.32320E-04 vol% SO2 
+ 0.64539E-08 vol% O2 
( 1700.00 C, 1.0000 atm, gas) 
+ 67.172 gram ( 45,906 wt .% Ti02 
+ 19.074 wt.% Ti203 equilibrium 
E equilibrium * 10.038 wt.% FeO |e— composition 
amount of * 8.9318 wt.* A1203 of phase 
phase * 8.4468 wt.% Si02 
+ 7.5273 wt.% MgO 
+ 0.41134E-01 wt.% FeS 
+ 0.35257E-01 wt.% MgS) 
( 1700.00 C, Slag-liquid) 
+ 77.264 gram ( 97.317 wt.% Fe 
* 2.3001 wt. S 
* 0.16615 wt.% Si 
* 0.12375 wt. C 
+ 0.55230E-01 wt.* Ti 
+ 0.38007E-01 wt.$ O 
+ 0.20121E-03 wt.% Al) 
( 1700.00 C, Fe-liq) 
* 31.544 gram ( 79.693 wt. Ti305 
+ 14,571 wt.% MgTi205 
+ 5.7354 wt .% FeTi205 
( 1700.00 C, Pseudobrookite) 
+ 0.00000 gram ( 63,710 wt .% Ti203 
+ 21.947 wt .% MgTiO3 
not formed + 14.344 wt.t FeTi03 
( 1700.00 C, Ilmenite, a-0.59) 
+ 0.00000 gram ( 64.663 wt.* MgTi204 
+ 26.597 wt .% FeTi204 
+ 3.3970 wt.$ Mg304 
+ 2.7558 wt.& MgFe204 
+ — 1.4677 wt.% FeMg204 
* 1.1203 wt.% Fe304) 


t 
( 1700.00 C, Spinel a-0.25) 


Figure 3.11 Calculated equilibrium conditions when 200 g of a slag is reduced 
with 18g of carbon at 1700*C. 
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carbide phases were treated as solutions of iron, chrome, and vanadium 
carbides, with nonstoichiometry with respect to the carbon content taken 
into account when required. 

A sample calculation produced with the F*A*C*T system is shown in Fig. 
3.11: 200g of slag of the overall composition shown is reduced with 18g of 
carbon at 1700^C and 1.0atm. The phases present at equilibrium and their 
equilibrium amounts and compositions were calculated by global Gibbs 
energy minimization with automatic data retrieval. For the liquid slag, the 
quasichemical model (section 3.7.1) and the slag sulfide capacity model 
(section 3.7.3) were used. For the liquid metal phase a polynomial model 
(section 3.3.2) was employed. For the three ceramic phases, cationic sublattice 
models (section 3.5.5) were used. Many other solid solutions and compounds 
were also considered in the calculation. 
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Overview 


Wei-Kao Lu 


During the 1960s, with the introduction of faster processing facilities, the steel 
industry realized the necessity of understanding kinetic phenomena in order 
to have better control in both productivity and quality of products. In this 
same period of time, transport phenomena were included in the curriculum in 
metallurgy and metallurgical engineering. It was no surprise to discover that 
literature in other disciplines has very limited value in solving our problems, 
which are, in general, multiphase systems at elevated temperatures often 
involving liquid metal. 

The goals of industrial processing are to achieve changes in chemical (e.g., 
reduction or oxidation) or physical (e.g., melting or solidification) states or 
both. In general, a gas or a liquid (e.g., slag) is used to process another liquid 
or solid by carrying heat and chemical reactants. The importance of under- 
standing fluid mechanics in the study of process metallurgy is obvious. 

In the chapter on fluid mechanics in metallurgical processes (Chapter 4, 
Guthrie), the author begins with the formulation of governing equations from 
the law of conservation of mass, heat, and momentum. To less experienced 
readers, the insights offered by the author in making acceptable assumptions, 
with respect to various applications in metallurgical systems, in solving 
the Navier-Stockes equation are most valuable. The validity of a low- 
temperature physical model for a high-temperature system is also included. 

In the chapter on solidification (Chapter 5, Flemings), the author uses a 
similar approach but carries it one step further. Solidification of an alloy is a 
very complex process. The author has succeeded in giving a clear and concise 
introduction to many engineering aspects of steel solidification processes by 
Starting with a series of simplifying assumptions regarding thermodynamic 
properties of liquid-solid interfaces and the range of velocity of the solidifying 
front. The consequence of these assumptions is included in this chapter. 

‘There are two chapters on chemical kinetics but they are sequential in their 
contents. In the absence of any fundamental law of kinetics or any governing 
equations, the treatment begins with atoms. In the chapter on interface and 
interfacial reactions (Chapter 6, Belton), the absolute rate theory is introduced 
first. It is a theory based on thermodynamic relations and the assumption of 
Partial equilibrium in the system. In the process of formulation of a rate 
expression, the meanings of a rate constant and of an activation energy are 
defined. For heterogeneous reactions, the adsorbed state is the beginning of all 
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reactions. This chapter covers the foundation of chemical kinetics in process 
metallurgy. 

The chapter on kinetics and mechanisms of heterogeneous reactions 
(Chapter 7, Lu) includes the coupling between interfacial reactions and 
transport steps in bulk phases. It becomes clear that a theoretician can build 
a comprehensive mathematical model which is only limited by the size of 
computer available. On the other hand, the experimental data collected only 
represents the rate-limiting step prevailing under a given set of conditions. 
The coupling between simultaneous slag-metal reactions has also been 
included. The reaction mechanisms, i.e., the rate-limiting step or steps, the 
knowledge of which would be advantageous in altering or controlling the rate 
of processing, are covered in the following chapters. 
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Fluid dynamics in metallurgical 
processes 


Roderick I.L. Guthrie 
McGill University, Department of Mining & Metallurgical Engineering, 
Montreal, Quebec, Canada 


4.1. INTRODUCTION 


Fluid dynamics, or mechanics, enters into many aspects of metallurgical 
processing operations involved in the extraction, refining, and casting of 
ferrous and nonferrous melts. The transport of heat, or mass, or particles, is 
often associated with such flows. In ironmaking, for example, optimizing gas 
flows through the burden of a blast furnace is a key factor in assuring high 
productivity and good gas utilization by the sinter, or pellets, within the 
burden (Standish, 1975). Similarly, mixing rates of ‘raw’ liquid steel in a 
furnace, or in a ladle during alloy additions, play key roles in optimizing a 
steel’s chemistry and in assuring chemical and thermal homogeneity (Guthrie, 
1977). Fluid mechanics even enters the field of solidification, in that steel and 
slag flows within the liquid sump of a casting machine help determine the 
quality of the final solidified product, in terms of cast microstructure, 
macrosegregation, the amounts of entrapped inclusions, and even surface 
characteristics of the solidified products. Similar examples can be quoted for 
the importance of fluid dynamics for the nonferrous industries, such as the 
Successes achieved in the field of magnetohydrodynamics for the production 
and casting of aluminum (e.g., Banerjee and Evans, 1990). 

_ Thus, over the last thirty years, significant strides have been made in the 
improvement and redesign of metallurgical processing operations, based on a 
growing understanding and appreciation of the relevance of fluid dynamics to 
Such systems and its intrinsic coupling with process kinetics. 


ADVANCED PHYSICAL CHEMISTRY FOR PROCESS METALLURGY Copyright © 1997 Academic Press Lid 
ISBN 0-12-618920-X All rights of reproduction in any form reserved 


124 Roderick I.L. Guthrie 


4.2. THEORY 


The subject of fluid mechanics dates back to at least Egyptian and Grecian 
times, the theory of static fluids (hydrostatics) being well advanced at thi 

time. Given that a fluid is defined as a substance incapable of withstanding any 
shear stress without being set in motion, one can easily show that the normal 
stresses (or pressures) acting on the six surfaces of an imaginary, infinitesi 
mally small cubic element of static fluid must be equal. This basic under- 
standing of fluid statics leads to a fundamental law of hydrostatics, firs 
enunciated by Archimedes of Syracuse, circa 260 BC, to the effect that 
object immersed within a static fluid will experience a buoyancy (or 
gravity directed) force equal to the weight of static fluid displaced by the 
object (i.e., Fg ^ — mauiag). Once a fluid is in motion, however, pressut 

gradients usually exist, and a dynamic component of pressure, Pa, can 
identified. This dynamic component of pressure can be defined as the absoluti 
pressure, P, at a given point, less the static pressure, P,. When defining 
static pressure, P,, for a fluid in motion, this is customarily taken as the mean of 
three orthogonally directed pressures (or normal stresses, Txx), so that 


Pa = Pa — Py where Py = (t + tyy + Tez) / 3 (4.1) 


In many situations, the dynamic components of pressure driving a given flow 
are much smaller, numerically, than static components, such as atmosphet 
pressure and hydrostatic pressure, acting on the flow system. In the art of 
computational fluid dynamics, to be addressed later, it is therefore more 
expedient to rewrite the equations of motion governing fluid flow so as to 
emphasize the influence of the dynamic pressure field on a resulting flow. — 


43. THE CONTINUITY AND MOMENTUM 
EQUATIONS 


The differential equations for fluid motion derive from mathematical 
ments of conservation of mass and momentum. The continuity equation 


acting on a body is equal to the product of its mass and its 
acceleration, or more generally, rate of momentum change, i.e.: 
d(Mi 
zr, = Ma, = MO) 


Equation 4.2 is for unidirectional motion, where EF, represents the sum. 
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the x-forces acting on an imaginary cubic element of fluid, M is its mass, and 
a, is its resulting acceleration. 

In fluid dynamic analyses, it is customary to imagine a cubic element of 
fluid that is stationary (or Eulerian) with respect to time in the eyes of a 
stationary observer rather than the moving (or Lagrangian) frame of reference 
implied by Equation 4.2. If we consider Fig. 4.1, therefore, depicting a jet of 
liquid steel pouring from a ladle into a tundish, we can follow the Lagrangian 
element of liquid as it moves from position 1 to 2, and apply Equation 4.2 to 
demonstrate that a, = g,, or we can change to a stationary (Eulerian) frame of 
reference by replacing the acceleration term in Equation 4.2, according to 


(4.3) 


Figure 4.1 Momentum transport processes in fluids illustrated by a plunging jet 
9f liquid steel. Distinction between differential volume elements fixed in space 
(Eulerian), or moving with the flow (Lagrangian). Reproduced from Guthrie (1992) 
by permission of Oxford University Press. 
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giving for the Eulerian frame of reference 


EF, = MU, S = pavers or mdU (4. 
"These two frames of reference are illustrated in Fig. 4.1. 

Figure 4.2a illustrates a more generalized Eulerian situation for 
dimensional flows, in which mass enters and leaves the six surfaces of 
imaginary cubic element of fluid. An accounting of inputs and outputs 
mass, plus any accumulation of mass in the case of compressible fluids, 
to the continuity equation for the conservation of mass. For a Cartesian-| 
coordinate system therefore 


ap 
X--v (U) a 


where V (nabla) represents the differential operator, acting on the gi 
vector variable, $: 


where the vector variable $ — i, + jo, +ko.. 
The body forces acting at the centre of the cubic element can include, 
pressure, (2) gravity, (3) electromagnetic, (4) buoyancy (thermal, mass), 
(5) added mass, while the x-directed surface components, for example, 
include the normal stress, Txx, and the shear stresses, t,, and Tsy , acting on 
surfaces of the same stationary cubic element of fluid, together with 
vective momentum components (m,U, myU, m,U). It is useful to note that 
shear stress components, such as t,, and Tsy can also be interpreted as; 
transfer of x-momentum flux in the y-direction and x-momentum flux in 
z-direction, respectively, in keeping with similar interpretations for she: 
stresses based on the kinetic theory of gases; these diffusive components 
momentum flux are represented in Fig. 4.2b. As with mass conservation, 
continuity, an accounting of inputs and outputs of momentum then leads 
general expression for the momentum equation (x-component), exp! 
taking into account gravity and normal and shear stress forces: 


+ pU— + pV —+ pw 


p au au aU P -— E 
ðt ax ay [OE - 


where XF, can represent other forces acting on the volume element, such 
electromagnetic, added mass, and buoyancy forces. 
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(z + zy tyran 


(z + Oxy + ây.z + år) 


* 


a 


(a) 


Figure 4.2 Volume element of fluid AxAyAz, fixed in space and time. The 
arrows indicate the direction in which the x component of mass (upper element) 
and the diffusive components of x momentum (lower element) are transported 
through the imaginary surfaces. Reproduced from Guthrie (1992) by permission of 
Oxford University Press. 
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44. NEWTONIAN LIQUIDS 


In single-phase fluid dynamic analyses, these two partial differential equations — 
(4.5 and 4.6) for the conservation of mass and momentum must be solved 
using the particular boundary conditions applying to a given flow situation, 
plus expressions for the various normal and shearing stresses acting. These 
stresses are both property and flow dependent. Liquid metals, slags, and 
molten salts can be categorized as being incompressible Newtonian fluids, for 


which 
n (2) an 


and 


3U ð 
"— (F m (4.82) 


where r,,, denotes the x-directed shear stress (N m?) acting on the y surface 
(area Ax Az), caused by a y-directed velocity gradient in U,. The property 
dependent quantity, 4, is the Newtonian coefficient of viscosity, which for 
liquid metals ranges between 1 and 10mPas (milli-Pascal seconds), and 
between 300 mPas and 10 Pas, or more, for slags. Note that for parallel 
between plates, aV/dx is zero in Equation 4.7, giving the more ili, 
expression for Newton's law of viscosity: 
dU 
t. =u Ls 


Substituting expressions for the shearing and normal stresses in the momen- 
tum equation, leads to three x,y,z component equations of the form: 


apU au ðU aU 
pani S m] == 4.9] 
Be rap aden D ay 1A ier EF, ( 
where 
ðP PU PU P 
E E t + pg 


These sets of equations, referred to as the Navier-Stokes equations in 
of two early researchers in the field, can be summarized in vector form as 


SV) — -V -oV V]- VP- IV -)-- pg (4.11 
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or even more compactly as 


Dov 

J -VD+ (412) 
where D/Dt represents the substantial time derivative. 

Writing Equations 4.9 and 4.10 in the dimensional forms: 
U U? AP uU 

Purtroppo we $519 
where L represents a characteristic length scale of the system and rendering 
Equation 4.13 dimensionless by dividing by the gravity force term gives us 
three independent groupings: 


geri AP a BU 


g BL' pgL peL? 
Alternatively, we can divide by the inertial force term pU?/L, to give AP/pU? 
or take the ratio of the inertial to viscous forces, to give the dimensionless 
grouping pUL/u. We are therefore at liberty to write down the following 
dimensionless function which is representative of the Navier-Stokes equation 
for incompressible isothermal flow of a viscous fluid: 


pUL U* ax) 4^ 
K neh’ pu?) -? a) 
or 
Re, Fr, Eu) = 0 (4.15) 


where Re, the Reynolds number of a flow system, represents the ratio of 
inertial to gravity forces; Fr is the Froude number, representing the ratio of 
inertial forces to potential (or gravity) forces; while Eu is the Euler (or 
Newton) number, representing the ratio of pressure (or drag) forces to inertial 
forces. The so-called inertial forces are generated by the acceleration or 
deceleration of fluid elements within the boundaries of the flow field. 
Metallurgical examples would include the accelerating flow of metal into a 
teeming nozzle, or metal flow around injected lime particles or around argon 
bubbles rising within a filled ladle of steel. 


45. TURBULENCE 


In most metallurgical processes, metal and slag flows take place in large 
Processing vessels, such as basic oxygen furnaces, blast furnaces, ladles, and 
tundishes. As such, attendant Reynolds numbers are extremely high, in the 
Order of 107-105, indicating that a similar ratio between inertial forces and 
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viscous forces exists. Under such conditions, laminar or layer-like flow is 
unsustainable and turbulent instabilities set in. These turbulent interactions 
lead to the interchange of eddies, or ‘whorls,’ with a resulting exchange of 
momentum between faster and slower moving regions of liquid. As with the 
laminar flow implied by Newton’s law of molecular viscosity, one may model 
the equivalent turbulent shear stresses generated by this interchange of 
momentum according to an equation of the form 
dU 
Thor = He ge (4.16) 


for turbulent planar flow of liquid across a solid surface. Experimental 
measurements of the stresses generated by these energy-dissipating eddies, 
whose sizes are in the submillimeter range and frequencies in the 10? to 10° Hz 
range, typically lead to so-called turbulent coefficients of viscosities, j,, that 
are numerically 10° to 10° times greater than their laminar, or molecular, 
equivalent. 

Equation 4.16, based on Prandtl's theory of turbulence, breaks down in the 
bulk of a flow system, far away from solid surfaces, where turbulent eddies 
still exist, together with- attendant shearing stresses, even though velocity 
gradients can approach zero, such as at the center of a pipe through which 
liquid flows. (Equation 4.16 would predict trurb, yx = 0 for dU, /dy = 0.) 

Various solutions are possible to help represent these effects of turbulence. 
One is to solve transient forms of the Navier-Stokes (N-S) equations 
numerically, using micrometer-sized volume elements to faithfully represent 
the smallest elements of fluid, and thereby model both the macroscopic and : 
microscopic elements of a given flow. This is currently impractical with. 
existing computer technology, so the next recourse is to mimic the role 
turbulence in terms of its manifestations at the macroscopic level. The 
simplest approach is to solve a modified form of the N-S equation, referred. 
to as the Reynold's stress or turbulent Navier-Stokes equation. Thus, by 
resolving an instantaneous velocity component, U, into a mean component U, 


and a fluctuating portion, w', and time averaging according to [i 
3 t y f 
p geo [ U din Vot [ew (4.17) 

t—5J4 th — ti Jn 


where (t; — t;) > time period of turbulent fluctuations, one arrives at the 
time-averaged forms of the continuity and N-S equations for turbulent flow. 
These can be written compactly, using Cartesian tensor notation, in which $ 
and j take successive values of 1, 2, and 3 to represent vector components in 
the x1, x2, or xs (or x, y, 2) directions: 


(4.18) 
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and 


aU; aU;  làP 8 ( wy, —— 
v es (4.19) 


x t Ice ay b 


for mass and momentum conservation, respectively, in incompressible, con- 
stant density fluids. The only difference between this equation, and the N-S 
equations for laminar flows are the Reynolds stress terms pu;u;. On the basis of 
the Prandtl approach, these r.m.s. stress products, ujuj, can be replaced by 
v, 0U;/8x;, where v, is the turbulent kinematic viscosity, j1,/p, and v,» v, the 
‘molecular’ kinematic viscosity (u/p). 

For many industrial-scale turbulent flow problems, in which inertial forces 
far outweigh viscous (i.e., Froude dominated flows) one can take v, to be 
constant and produce quite realistic flow fields (e.g., Salcudean and Guthrie, 
1978). 

However, in order to model convective plus conductive/diffusive flows of 
heat or mass associated with fluid motions, mass and energy conservation 
balances on the volume elements depicted in Fig. 4.2 lead to the following 
form of partial differential equation for energy and/or mass transport: 

Lm um - 2 (az 4s) 


ôt 8x; ax; 
where $ represents average enthalpy or mass fraction of species i, and À 
denotes the molecular conduction or diffusive transport coefficients. By 
analogy with momentum transport, the fluctuating term g can be replaced 
by r(3¢ġ/3x;) where T4. The symbol I represents an eddy diffusivity, D; or 
% 8 turbulent thermal diffusivity for enthalpy (or heat) transport. It is 
important to note that Equation 4.20 in comparison to Equation 4.19 lacks a 
(dominating) pressure gradient term. In consequence, while a precise descrip- 
tion of viscosity is not needed in predicting flows within large-scale vessels, 
and viscosity can even be ignored sometimes when solving the Reynold’s 
equations, the same cannot be held true of associated heat and mass transfer 
Phenomena. For such phenomena, a precise model of turbulence is needed to 
mimic the all-important u, @ diffusive terms, balancing the convective terms 
to the left of the equation. 


(4.20) 


46. DIFFERENTIAL MODELS OF TURBULENCE 
FOR BULK CONVECTING FLOWS 


Prandtl and Kolmogorov independently suggested that bulk turbulent visc- 
Osity should be determined by way of differential rather than algebraic 
*quations (Kolmogorov, 1941; Antonia et al, 1997), and that the most 
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meaningful way of characterizing velocity fluctuations in high-Re turbulent 
flows (i.e., far from walls or shear flow layers) would be through ‘squa 
rooting’ the kinetic energy of turbulence (per unit mass). The turb 
kinetic energy is defined by 


kl? +0? +0) 
which, for isotropic conditions (w = v' = w’), typical of the eddies contait 
the major portion of the kinetic energy of turbulence, reduces to 


k=} (4.22) 


We see that the characteristic turbulent velocity component, u,, becomes 
i= f or 0.824"? 


A transport equation for k was therefore obtained by suitable manipulation o 
the exact, and time-averaged, forms of the Navier-Stokes equation, so as t 
bring k into prominence. This so-called ‘one-equation’ model represented ar 
important step in the development of more general models of turbulence, 
that the direct link between the velocity gradient and the fluctuating v. 
component was removed. However, difficulties in specifying a length-sct 
still remained, as with algebraic models. 

Further development in the field led to the development, among e 
of a two-equation, k-e model of turbulence. This has been used by m 
researchers modeling or predicting flows within metallurgical systems. In 
model, therefore, the rate of turbulent energy dissipation, £ (which for loc 
isotropy and high Re is equal to the molecular viscosity x flu 
vorticity, ui (9ui[ 0x?) is expressed in the form of a further transport 
(4.25), in conjunction with a transport equation for the kinetic en 3 
turbulence (4.24). Written in index notation, the transport equations for k ani 
e take the form: 


For turbulence energy transport: 


ak ut a ( *) (22m - i 
ar "ax; Ax; \on Uu) NOx 0x; Ox; (42 
rate of I 
change convection diffusion generation — destruction 
For turbulence energy dissipation: 
[3 de ð (v, 8€ é g 
= ;—= —(-— Cız(P) -C;— 
f+ uže 2S) apm el 
rate of 
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where 
w=" and pe? 
p o 


Hr = (pk/?1) = oot 


Recommended values for the various empirical constants appearing in 
Equation 4.25 (Launder and Spalding, 1974) are 


C C2 Cp Tk [^ 
1.44 1.92 0.09 1.0 1. 


Cp being deduced from Equations 4.24 and 4.26 on the basis of near wall 
turbulence where convection and diffusion of turbulence can be ignored, C; 
from the decay of turbulence behind a grid, and C, from the logarithmic 
velocity profile that prevails in near-wall turbulence. Since then, a low 
Reynolds number form of the k-e equation has been developed in which this 
latter constraint is removed, so as to allow one to model flow fields interacting 
with interdendritic fluid during metal casting operations, for example. While 
the k-e equation has been used extensively, certain features of turbulence, 
such as randomly, slowly shifting flow patterns generated by turbulence 
phenomena cannot be successfully mimicked. For these situations, the ‘large 
eddy simulation’ model of turbulence has met with success in representing 
flows from nozzles in continuous casting operations, for instance. Further 
details of turbulence modeling are to be found in the literature. As noted 
Previously, for inertially dominated flows, simple turbulence models, and 
even a constant (time and space independent) effective viscosity/diffusivity 
value, can give effective flow predictions. Consequently, the level of computa- 
tional and intellectual effort to be expended by including a particular 
turbulence model must match the level of information required, and recognize 
the importance, or otherwise, of turbulence on the Particular flow system 
under investigation. 


and 


(4.26) 


47. ELECTROMAGNETICALLY DRIVEN FLOWS 


& recent years, very significant technological advances have been made in the 
‘plication of electromagnetic force fields aimed at influencing the behavior of 


‘quid metals and alloys during metals and materials i i 
ic processing operations 
(Asai, 1989). Examples include jd 


l. The electromagnetic stirring of liquid steel in ladles for heating, inclusion 
removal, and mixing-in of alloy additions 
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2. Electromagnetic stirring and braking (i.e., flow suppression) in the con 
tinuous casting of steel and aluminum for improved microstruc 
reduced solute macro-segregation and better metal quality 

3. Electromagnetic casting of aluminum in direct chill casting machines fo 
improved ingot surfaces and near surface microstructure 

4. The damping of electromagnetically generated waves to allow redi 
gaps between the carbon anode and liquid aluminum cathode for reduce 
electrical energy losses in the molten electrolyte 

5. The recent continuous casting of clad steel slabs with a level magnetic fie 
brake (Zeze et al., 1996) 


In terms of the phenomena involved, it is commonly understood that if 
current is passed through conducting coils that surround a ladle or mol 
containing an electrical conductor (i.e., the liquid metal) then that prima; 
current will induce a magnetic force field, which in turn will produce motiot 
and heating within the melt. 

Maxwell's equations form the basis of any quantitative description of tl 
magnetic fields and forces induced. Thus, Maxwell's equations, using. 
magnetohydrodynamic (MHD) approximation (Hughes and Young, 196 
Jackson, 1962), can be written a 


aB 
YE mss 


where E is the electric field vector (V m^!) and B the magnetic flux den: 
vector (Wm? or Tesla). H, the magnetic field (Am ^ », is related to 

magnetic flux density according to the relation B = u(H)H, where u repr 
sents the magnetic permeability of the material (H m ^ B. Continuing, 


VxH-] 
vj-0 
VB-0 43 


Equations 4.29 and 4.30 represent statements of conservation for J and B f 


represents the conduction current density or flux (Am ^"). The 
related to a form of Ohm’s law that includes the flux of electrical 
carried by the moving fluid: 


J^c[E- U x B] 


where c, represents the liquid's electrical conductivity ((ohmm)_‘). 
second term, however, is often relatively insignificant for typical metal s 
applications and can commonly be ignored. 

"The Lorentz, or body force, generated on an element of conducting 
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py the electromagnetic force field is given by the cross product of the 
conduction current density, J, and, the magnetic flux density, B: 


FE. =]. B (4.32) 


In magnetohydrodynamic analyses, therefore, the electric and magnetic fields 
within the system have first to be solved, and the resulting computations for 
the magnetic force field incorporated into the Reynolds or Navier-Stokes 
equation, to solve for the resulting flow fields. Fortunately, the two can be 
treated as uncoupled partial differential equations since the U x B product is 
not usually significant. 


48. PHYSICAL AND COMPUTATIONAL MODELS 


Prior to the advent of computers, few, if any, industrial systems involving 
heat, mass, and fluid flow, were amenable to analytical solutions of the 
Navier-Stokes, continuity and Maxwell equations just presented. Solutions 
for viscous creeping flow, in which the inertial terms are ignored, were 
available, such as Stokes’ law for the drag force, Fp, experienced by a sphere 
of radius R (Fp = 6nuRU.,). At the other extreme, flows for which viscosity 
could be ignored (inviscid flows) led to many analytical solutions of the 
reduced form of the N-S equation (the Eulerian equation). However, these 
solutions proved to be unrealistic for diverging flows involving turbulent 
recirculatory whorls and adverse pressure gradients. 

Given this situation, the use of physical models became an important design 
tool for naval architects in the seventeenth century (Lausanne, 1971). The 
British Admiralty, for example, required the testing of all ‘man of war’ sailing 
ships using faithful replicas (wooden models) of the proposed vessels, at the 
1/40th scale. We may find a similar early use of models in metallurgy. For 
example, Brearly and Brearly, in their book Ingots and Ingot Moulds, 
Published 1918, describe the use of molten stearine to study solidification, 
ingot structure, metal shrinkage, and cavity formation in steel ingot casting 
operations. 

Thus, physical models of systems remain an important part of the armory of 
à Practising engineer in helping to understand, improve, or even design new 
Processes, Useful insight can be gained into the behavior of gas-stirred ladles 
9f liquid steel, for instance, by bubbling gas bubbles through a full-scale (or 
Teduced-scale) water model. Similarly, it is quite commonplace for suppliers 
9f refractories and tundish boards to model the flow of steel in their 
Sustomer's tundish and to then make design recommendations or propose 
flow modifications based on measurements of the mean residence times of 
clements of water within it prior to their exit into the caster(s). By maximizing 


136 Roderick I.L. Guthrie 


retention times, conventional wisdom has it that the liquid steel will b 
cleaner, since more inclusions have the possibility of escaping to the uppe 
surface or slag. 

One sees from Equation 4.15 that, provided equality of Froude, Reynold 
and Euler numbers, in geometrically equivalent vessels, is maintained, the 
the solutions to the Navier-Stokes or the turbulent form of the Navier-Stokt 
equations will be identical, provided equivalent boundary conditions 
such, one can expect a one-to-one ratio between model and prototype o 
velocities at corresponding positions, and times, during the filling, d 
or steady-state operations within a tundish (provided both systems 
essentially isothermal). 

Difficulties with the physical modeling approach include the problem o 
matching, simultaneously, an array of so-called dimensionless z grouping 
(e.g., Re, Eu, Fr, We,...) that may be important, and in finding suitable lo 
temperature liquids whose physical properties can produce equivalent ; 
groupings in the first place. While modelers are fortunate that the kinem 
viscosities of water and liquid steel are practically identical (giving 
Reynold's number), steel’s high surface tension (1.8N m^), high 
conductivity, and high electrical conductivity are not matchable with eith 
aqueous or organic liquids. Nonetheless, many useful studies of metalli 
flow systems have been possible using the physical modeling approach, 
many important successes can be demonstrated. 

Turning to computational fluid mechanics, significant advances have b 
made in the art since the widespread availability of high-speed 
computers in the early 1960s. The approach involves re-writing the part 
differential equations in numerical form, for a two- or three-dimensional arra| 
of discrete volume elements, shown in Fig. 4.3a and 4.3b for Cartesian ar 
cylindrical coordinate systems (Guthrie, 1992). However, the developm 
CFD (computational fluid dynamics) has lagged equivalent adv: 
computer models for the mechanics of solid structures, or in heat and m 
transfer in systems involving solid (nonmoving) bodies. The reason for th 
has been that while conceptually similar discretization schemes have be 
developed, it is far more difficult to obtain satisfactory (converged) soluti 
since computations require the simultaneous solution of a number of hig 
nonlinear equations for pressure, velocities, turbulence, and att 
temperature or species concentrations over a discretized domain v 
boundaries coincide with the boundaries of the flow field. 

CFD schemes can be divided into two classes depending on whether | 
implicit or explicit numerical scheme is adopted. A further subdivision, int 
parabolic and elliptic flows, is common depending on whether the do 
stream flow affects the character of the upstream flow. Typical elliptic flo 
involve zones of recirculation, and these are common features of mal 
metallurgical systems. Flows which readily come to mind include electi 
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magnetic stirring in continuous casting, fluid flow in filling ladles, and gas- 
driven recirculatory flows in batch processing operations (e.g., Bessemer or 
OBM steelmaking vessels). 

In terms of numerical schemes for solving discretized forms of the Navier— 
Stokes, continuity, turbulence, and energy/species partial differential equa- 
tions, the greatest successes to date have been with the so-called (integral), or 
control volume, finite difference technique, in which U, V, W, k, & C 
(concentration), and H (enthalpy) flows, into and out of, the many volume 
elements are taken into account, and balanced on the basis of the prescribed 
boundary conditions acting on the flow. 

Thus, Fig. 4.3c illustrates a typical grid system setup for predicting 
recirculatory flow of liquid metal within a ladle, the flow being generated by 
an incoming vertical steel jet, for instance. Note that the volume element for 
the scalar nodal point volume elements (C, 0, P, k, £) does not coincide with 
the two volume elements for vectors V and U, respectively. 

Given that all the partial differential equations to be solved can be written in 
the general form 


convection terms = diffusion terms + source term 


we can write the general equation 
a i á : 
g 09) + div(pU$) = div(T, grad 4) + Sy (4.33) 


in which $ can represent U, V, W, k, c, C, 0. The term, l4 grad ó represents 
the diffusive flux of @; S, represents a so-called ‘source’ term, which 
essentially involves those residual elements which do not fit into the other 
three groupings. Discretization of this formula over finite volume elements 
such as those shown in Fig. 4.3a and b, together with a one-dimensional 
tridiagonal matrix algorithm for implicit line-by-line solution of nodal @ 
values, plus a Gauss-Siedel routine linking adjacent lines of nodes, can 
Provide an efficient computational scheme for numerical integration (e.| Bo 
Patankar, 1980). 

Given a typical three-dimensional flow problem, a 40 x 40 x 40 nodal 
matrix would not be unusual. Combining this with seven variables (U, V, W, 
P, k, e, C, and 0 (temperature)) implies about a half million calculations, for 
each successive iteration. The number of iterations before full convergence is 
achieved | may typically range from 1000 to 3000, requiring a total of some 0.5- 
L5 x 10° computations. 

Alternative schemes based on finite element modeling have also been used 
in CFD, largely because of their ability to solve heat, mass, and fluid flow 
taking place in complex geometries. Thus, in the case of finite element 
modeling (FEM), the calculation domain is typically subdivided into trian- 
Bular elements. These are certainly more convenient than the regular grids of 
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Figure 4.3 Control volume specification in (a) Cartesian mode and (b) cylindri- 
cal coordinates for axisymmetric cases. (c) Schematic of idealized axisymmetric 
flow system for simulating furnace tapping operations into teeming ladles. Repro- 
duced from Guthrie (1992) by permission of Oxford University Press. 


the finite difference approach when fitting complex boundary shapes, and are 
commonly used in calculating the magnetic force fields in MHD computa- 
tions. The discretization equations are usually derived by the use of a 
variational principle, or by the Galerkin method, which is a special case of 
the method of weighted residuals. The majority of CFD commercial codes 
available for industrial users are still based on the finite difference, control 
volume method just presented. For complex shapes, the development of a 
boundary or body-fitted coordinate scheme mitigates many of the objections 
to the use of integral volume techniques raised by proponents of FEM. 

Other topics to which the interested reader is referred include the use of 
Staggered grids (illustrated in Fig. 4.3a) for stabilizing solutions, techniques to 
Solve the dynamic pressure field implicit in the P term of the Navier-Stokes 
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equation, as well as other techniques such as source term linearization, 
interpolation schemes, nonuniform grids, etc. 


4.9. RECENT ADVANCES IN METALLURGICAL 
FLUID DYNAMICS 


Over the last 20 years or so, major advances have been made in our under- 
standing of the phenomena at work in our various liquid metal processing 
operations. The literature is voluminous, and it is impossible to cover all the 
aspects in a chapter such as this. Nonetheless, it is worth briefly reviewing 
some of the highlights over that period, and explaining their significance. 
Similarly, it is worthwhile to distinguish between those advances made 
through physical modeling and those deriving from mathematical modeling. 


49.1. Advances Resulting from Physical Modeling 
An important body of literature has been developed that deals with our 
understanding of the way injected gases interact with molten metals. A key to 
our understanding has been the ability to identify similarities and differes 

between aqueous models and gas-liquid metal systems. Thus, Davenport et 
al. (1967) demonstrated that large bubbles in both liquid metals and aqu o 

systems assume the so-called spherical cap shape, through the use of el e 

probe measurements of bubble shapes in mercury. However, Iguchi et 
(1995) propose a bell shape for molten iron systems. Sano and Mori (19 
and Irons and Guthrie (1978) showed that bubbling gases into liquid m 
passed through a progression of stages such that, at low flow rates, si 
tension versus buoyancy forces governed the size of the resulting bubbl 
(constant-volume regime) while, at higher flow rates, bubbles formed 
orifices became ever larger, their size being determined by the gas flow 
divided by about 11s~', the latter being roughly their frequency of forma: 


It was demonstrated that nonwetting effects makes bubbles in liquid 
refractory (bubbling) systems larger than their aqueous counterparts at lo 
flow rates. 3 
Sano demonstrated that at sufficiently high velocities approaching the 
velocity of sound, discrete bubble formation at the orifice ceases and 
continuous jet of gas is formed. Nilmani and Robertson (1980) showed th 
the gas/liquid density ratio was an important factor in modeling gas-m. 
systems at high flow rates. In a similar vein, Hoefele and Brimacombe ag 9) 
and Brimacombe et al. (1985), demonstrated that the side-injection of air int 
the Pierce-Smith Copper Convertors (horizontal cylindrical vessels) through 
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a multiplicity of tuyeres leads to the formation of extremely large (refractory 
erosive) interacting bubbles rather than a multiplicity of discrete jets as 
previously supposed (e.g., Themelis et al., 1969). Methods to improve 
matters have been proposed to the copper industry on the basis of their work. 

The phenomena associated with gas bubbling/jetting systems are also 
important for the pneumatic injection of gas-powder mixtures into metals 
(e.g., calcium carbide-nitrogen injection into hot metal ladles for desulfuriza- 
tion purposes) Farias and Robertson (1982), and later Farias and Irons 
(1985), went on to demonstrate the stability of gas-particle jetting systems as 
a function of particle size, and loading, and to develop a unifying theory that 
ties in with typical industrial practices. Similarly, Savard and Lee (1992) 
succeeded in injecting oxygen with powdered lime, at high flow rates, through 
so-called shrouded tuyeres. Their technology has revolutionized steelmaking 
operations, and resuscitated the modern-day equivalent of the old Bessemer 
steelmaking vessels (i.e; the OBM). The phenomenon depends on the 
formation of a protective thermal accretion of steel caused by the endothermic 
cracking of natural gases that are injected concentrically with the inner core of 
oxygen (Guthrie et al., 1992). 

Hsiao et al. (1980) was one of the first group of researchers to study the role 
of gas bubbling in ladle metallurgy operations using water models and liquid 
steel-containing pilot scale ladles. Their work was the first to elucidate and 
demonstrate the importance of Froude modeling in ladle systems, and to 
measure the rising velocity of plumes of liquid drawn up in the wakes of the 
rising bubbles. A summary of the considerable body of research work on the 
physical and mathematical modeling of gas-stirred ladle systems is given by 
Mazumdar and Guthrie (1995). 

Moving on to reactive slag-metal systems, Panda and Robertson (1994) 
elegantly modeled the reaction of metal droplets in slags by observing the 
evolution of hydrogen from the interface of a mercury droplet containing 
dissolved sodium, in contact with water. Ito and Fruehan (1989) made direct 
X-ray studies of the actual phenomena associated with the injection of a carbon 
containing droplet of iron within an (oxidizing) steelmaking slag containing 
lime, silica, and iron oxide. Their work is important in showing the formation 
of CO-CO, gas halos around the reacting droplets that determine the reaction 
tates possible in slag-based, direct steelmaking operations. Further work 
along these lines has led to a good understanding of foaming phenomena in 
metallurgical slags (Lin and Guthrie, 1994; Gou et al., 1996; Fruehan, 1996). 


4.9.2. Mathematical Models 


Generally, good mathematical models can only be developed provided a clear 
Physical understanding of a phenomenon exists. Thanks to all the work on 
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— =0.2 msec. 


Figure 4.4 Computations illustrating flow patterns developed by submerged 
gas injection through a single porous plug located at (a) center, (b) one-third, 
(c) half, and (d) two-thirds radius. 


bubble-stirred ladles, for instance, Joo and Guthrie (1992) were able to model 
three-dimensional flows in ladles and determine where a porous plug gas 
injector should best be located for the purposes of rapid mixing. Figure 4.4 
shows a typical plot of a velocity vector field predicted on the basis of Froude 
modeling, in which the rotational aspects of the flow help intermix alloy 


Figure 4.5 (a) Illustration of predicted 95% per bulk mixing times in a |/3-scale 
water model of a 100-tonne ladle for various plug positions and tracer addition 
points. (Square marks represent measured mixing times.) (b) Illustration of transi- 
ents in isoconcentrations following (i), center-plume addition of a tracer and (ii) 
tracer addition just off-center to the gas-liquid plume, during center gas bubbling. 
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additions. They demonstrated mathematically, and confirmed physically 
using a water model, that if an addition is made directly into the ‘eye’ of a 
centrally located bubble plume, then 95% mixing-in times are at their 
theoretical, and actual, minimum. However, if such an addition is made 
slightly off-center to the centrally rising concentric plume, then intermixing 
times become much longer than equivalent off-centered additions to 
upwelling eyes located at mid-radius or beyond. Such information is useful 
in the design of plant systems, and is illustrated in Fig. 4.5a and b. 

Similarly, in the design and operation of tundish flow systems, Chakvaborty 
and Sahai (1992) and Joo and Guthrie (1991) have demonstrated through the 
use of mathematical, rather than physical, models that natural convection 
phenomena in liquid steel play an important role in determining steel quality. 
Martin et al. (1988) were able to demonstrate similar phenomena in aluminum: 
holding furnaces, and actually measure inclusion levels, on-line, exiting such. 
furnaces. 

Perhaps the most important examples of fluid flow modeling in the design 
and improvement of metallurgical processes can be demonstrated in the 
casting and solidification of metals (e.g., Thomas et al., 1990; Flint, 1990; 
Lait and Brimacombe, 1983). More recent work by Aboutalebi et al. (1995) 
on slab casters and by Netto et al. (1996) on twin roll casters has shown how 
important it is that the flow field be incorporated into predictions regarding 
the advance of a solidification front. Figure 4.6a demonstrates the complex 
flow field induced when a submerged entry nozzle (SEN) is immersed in the 
sump of a twin roll caster. Higher velocity jets of steel move out to the side 
dams, losing enthalpy (or heat), and recirculate back towards the central 
sump. As a result (Fig. 4.6b), solidification shells are thinner near the side 
edges of the roller, and thicker towards the center, giving a wavy solid- 
ification front. This in turn can lead to premature joining of the shells 
before the ‘kissing point’ at the roll nip, exacerbated by increased heat 
extraction rates owing to better mold-shell contact from the pressurization 
generated by the shells. Figure 4.6c illustrates how this problem can be 
avoided using a slot nozzle, the length of the caster, thereby creating an 


Figure 4.6 (a) Plot of three-dimensional velocity field in the axially directed 
central vertical plane of symmetry and across half the surface of a twin roll caster 
fitted with a submerged entry nozzle. The exit ports of the nozzle deliver horizon- 
tally-directed jets towards the side dams. (b) Plan view of metal in sump of a twin 
roll caster showing growing shell forming on northside roll surface. The isofraction 
numbers represent the percentage solid formed. Predictions based on data from 
IMI pilot scale twin roll caster (0.6m diameter 20cm wide). (c) Plot of two- 
dimensional velocity field generated in a transverse vertical plane of a twin roll 
caster fitted with a vertical entry slot nozzle. 
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essentially two-dimensional symmetrical flow system, and uniform growth 
from both rolls. In order to model such systems, enthalpy-porosity tech- 
niques such as those developed and researched by Voller and coworkers 
(e.g., Voller et al., 1990) were incorporated in the computational modeling. 

As a final example of MHD modeling, Fig. 4.7 illustrates the development 
of directly cast clad steels by research and development engineers with 
Nippon Steel Corporation (Zeze et al., 1996). By applying a level DC 
magnetic field (LMF) between the upper pool of liquid stainless steel (say), 
and the lower pool of cheaper low-carbon steel (say), illustrated in the grid 
system set up to solve the flow fields, perfect delineation of the two pools is 
technically possible, with little diffusional intermixing between the two pools, 
Figure 4.8 illustrates the electric potential, induced current, and Lorentz 
forces induced by the LMF, while Fig. 4.9 illustrates the dramatic differences 


Nozzle 1 Nozzle 2 
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Figure 4.7 Illustration of grid setup for a slab caster, showing delivery of 
A (stainless steel) through a shorter vertical entry nozzle (SEN) and metal B (low 
carbon steel) through a longer SEM. 
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Induced Current Lorentz Force 


Electric Potential 


Figure 4.8 Electric potential, induced electric current density, and Lorentz 
force distributions as analyzed by MHD model. Reproduced from Zeze et al. 
(1996), with permission. 


Figure 4.9 Flow and solute concentration distribution as analyzed by MHD 
model. 
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Figure 4.10 Cut section of clad steel slab cast with LMF. 


in metal flows and solute concentrations with LMF power on versus off. 
resulting products possible are illustrated in Fig. 4.10. 


410. CONCLUSIONS 


"This chapter illustrates the relevance of metal flows in the various prodi 
refining, and casting operations carried out in the metallurgical industr 
Metal delivery and quality will become increasingly important the closei 
process approaches the near-net shape casting condition. Similarly, proces 
product integration requires increasingly stringent requirements on meta 
quality (inclusion free), chemical composition and homogeneity, uniform an 
precisely controlled temperatures, etc. The underlying theory behind 
advances in metallurgical flow control have been presented and a fi 
examples cited. 
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Solidification 
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5.1. INTRODUCTION 


The basic engineering principles of solidification that we employ today rest on 
important fundamental ideas of researchers of fifty and more years ago 
including, importantly, Gulliver (1992), Scheil (1942, 1947), and Adams 
(1948). Principles of nucleation were well established soon thereafter 
through the pathbreaking work of Turnbull (1956) and others. The fresh 
look at solidification provided by research on semiconductor single crystal 
growth beginning in the mid-1950s (Pfann, 1966) gave us insights that we 
incorporate today in our models of dendritic growth. 

Understanding of the basic principles of establishment of microsegregation 
and dendrite arm spacing in castings and ingots came during the 1960s as did the 
beginnings of our modern understanding of the effects of fluid flow on solidifica- 
tion (Flemings, 1974). In succeeding years, major contributions have been made 
by many workers to our understanding of relationships between dendrite tip 
velocity, curvature, and melt undercooling, and to important questions of phase 
selection during solidification; a notable example is Trivedi and Kurz (1994). 

Our current understanding of engineering aspects of solidification, parti- 
cularly of steel, is summarized in this chapter, beginning with those processes 
carried out at modest solidification rates, including bloom, billet, and thin slab 
casting, where the ‘Scheil equation’ or one of its modifications is applicable. 


52. THERMODYNAMICS AND THE 
LIQUID-SOLID INTERFACE 


In treating most steel solidification problems we find that rather simple 
assumptions regarding the liquid-solid interface are sufficient to explain 
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Figure 5.1 Free energies versus temperature for a pure material (Reproduce 
from Flemings, 1974, with permission). 


observed phenomena. The reader should be aware, however, that there is 
large and growing body of literature concerning fundamentals of kinetics? 
the liquid-solid interface, and that this literature is critical to unders: i 
such phenomena as phase selection in metastable (e.g., rapid) solidification. 
brief discussion is included here to guide the reader; reviews are to be fc 
solidification textbooks (Flemings, 1974). 
For solidification of a single component at constant pressure, the phase 
tells us that only one phase can exist at equilibrium over a 
temperatures. Two phases coexist at equilibrium only at a single temj ur 
Figure 5.1 shows the curves of free energy versus temperature of the liq 
and a stable solid q; these intersect at the equilibrium melting point Tj. Al 
shown in Fig. 5.1 are the free-energy curves for three metastable phases fy 
and à. The f and y phases are in metastable equilibrium with the liquid ai 
temperature where their free-energy curves cross that of the liquid. 


be formed only by some other process such as vapor deposition or 
deposition. 

When a pure liquid is cooled to its equilibrium melting point Ty, 
phase may form; alternatively, if nucleation of x is suppressed, the liquid 
continue to cool (undercool or supercool). At or below the melting point of | 
solidification of this phase could occur. If solidification occurred at tl 
melting point of f, it would be fully thermodynamically reversible, as in tl 
case of a stable phase. The metastable // phase once formed could sub 
quently transform to the stable phase «, depending on nucleation and gro 
kinetics of x. If the f phase did not form, cooling would continue until y migl 


Solidification 153 


form. Of course, no crystalline phase at all need form, in which case the liquid 
(or glass if its viscosity reaches a sufficiently high value) remains indefinitely as 
the metastable phase. 

Application of thermodynamics to binary and more complex alloys permits 
calculation of phase compositions that form under conditions of equilibrium 
and of different conditions of metastability. A virtually important extension of 
these concepts incorporates the effect of curvature. Positive radii of curvature 
on a growing solid may be viewed as lowering the melting point of the solid. 
This results in a nucleation barrier that must be overcome to initiate 
solidification, and results also in the coarsening (‘ripening’) of dendritic 
structures that occur even during solidification. 

In extremis we can imagine two different types of liquid-solid interfaces at 
the atomic scale—one atomically ‘diffuse’ and the other atomically ‘flat’ (Fig. 
5.2). We know from the thermodynamics that, for steel, something approach- 
ing the diffuse interface of Fig. 5.2 is favored and that, for ordinary solidifica- 
tion rates, atoms reaching the liquid-solid interface have no trouble finding a 
site at which they can come to rest—i.e., there is no significant barrier of 
growth due to interface kinetics. On the other hand, at the very rapid 
solidification rates now achievable, interface attachment kinetics do begin to 
pose a barrier to growth. 


Figure 5.2 Types of liquid-solid interfaces: (a) atomic; (b) a diffuse interface; 
(©) an atomically flat interface. Reproduced from Flemings (1974), with per- 
Mission. 
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Figure 5.3 Approximate tip velocity for carbon steel versus casting h 
thickness. d 


For treatment of many engineering aspects of steel solidification processe 
the simple assumptions often made with respect to these fundamental a 
of the liquid-solid interface are that: (1) nucleation occurs at or near 
equilibrium liquidus; (2) equilibrium pertains at all liquid-solid int 
(3) the effect of radius of curvature on melting point is small. In most 
solidification processes, heat extraction is through the growing solid 
solidification behavior can be described by a simple heat flow model, 
maximum rate of heat extraction limited by the thermal diffusivity of t 
growing solid. Heat flow models have been presented for single-compo 
alloys and for alloys which freeze over a range of temperature (Flemi 
1974). When the heat flow is limited by conduction through the 
isotherm location is proportional to the square root of time (hence the vel 
of the solidifying front is inversely proportional to thickness solidified; 
5.3). 

The velocity of the solidifying front, V, is the dendrite tip velocity only ! 
the case of columnar growth (Fig. 5.4). In the case of equiaxed solidificatio 
the velocity of dendrite tips may be substantially less (as a result of new gi 
forming at the solidification front). For dendrite tip velocities less than abou 
107? ms- !, interface kinetics may be assumed to be infinite, and below abo 
10-*ms_', the dendrite tip temperature is very near the liquidus temp 
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Figure 5.4 Solidification of an alloy against a cold chill wall. (a) Columnar 
solidification; (b) equiaxed solidification. Reproduced from Flemings (1974), with 
permission. 


ture (Trivedi and Kurz, 1994), These are the main two conditions necessary 
for the ‘Scheil equation’ or one of its modifications to be applicable. 


5.3. THE SCHEIL EQUATION AND ITS 
MODIFICATIONS 


Figure 5.5 shows the model schematically. Liquid composition at any 
temperature within the liquid-solid zone (Fig. 5.5c) is given by the equili- 
brium liquidus line (Fig. 5.5b). The fraction liquid (or solid) at any point 
within the liquid-solid zone (Fig. 5.5d) is calculated by the ‘Scheil equation’ 
or one of its derivative analyses to be described below. In addition to the 
assumptions of interfacial equilibrium and negligible undercooling implicit in 
Fig. 5.5, the Scheil equation assumes no macroscopic mass transport, no effect 
of ripening or other remelting process on growth, and no solid diffusion. It is 
derived from a simple secure mass balance. In differential form it is written 
(Flemings, 1974): 


Beh = |) Gt 
N^ a rs (5.1) 


where C, is liquid composition, f; is liquid weight fraction, and k is the 
*quilibrium partition ratio. The equilibrium partition ratio, k, equals C7/Cy. 
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Figure 5.5 Model of solidification, based on Scheil equation. Reproduced from 
Flemings (1974), with permission. 

here C? is solid forming from liquid of composition Gx. Since there is no 
solid. diffusion, the isoconcentrates C; which form on solidification remain 
after cooling and represent the resulting microsegregation. Rewriting Equa- 
tion 5.1 in terms of C; and f, gives the differential equation describing this 


macrosegregation: 
Lo (je 62) 
f. ice 
Microsegregation calculations for a simple binary alloy using Equation 5.2 are 
shown schematically in Fig. 5.6. 
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Figure 5.6 Formation of microsegregation, based on Scheil equation. (a) Iso- 
concentrates as seen in a cross section of a primary columnar dendrite arm after 
solidification. (b) Phase diagram showing 'solidification path.' (c) Microsegrega- 
tion, measured along a radial path from the center of the dendrite. 


It has long been understood that diffusion during solidification alters 
segregation in most real systems. This was first analyzed quantitatively by 
Brody and Flemings (1966) using both a simple analytical model and a 
computational model for comparison. In subsequent work, Ohnaka (1986) 
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Figure 5.7 Comparison of calculated microsegregation for manganese in a 
Fe-1.52%Mn alloy (Reproduced from Ohnaka, 1986, with permission). 


derived an analytical expression for an improved estimate of liquid composi- 
tion during solidification. Clyne and Kurz (1981) presented an analytical 
expression that is also approximate but has the correct limit at high values of x. 
Kobayashi (1988) more recently developed an improved analytic solution, 
although it is more difficult to use. Yeum, Laxmanan, and Poirier (1989) 
presented a computationally efficient finite element method to calculate. 
the microsegregation. Kirkwood (1984) and Ogilvy and Kirkwood (1987) 
first incorporated the phenomenon of dendrite arm coarsening into the 
microsegregation model, and Mortensen (1989) later derived an analytical 
expression for this effect. 1 

In solidification of the type considered in this section, the main factor 
causing microsegregation (and fraction solid at a given temperature) to deviate 
from that predicted by the Scheil equation appears to be diffusion in the solid 
during solidification. Figure 5.7, from Ohnaka (1986), compares calculated 
results on segregation of manganese in an Fe-1.52 wt%Mn alloy, obtained. 
using several of the different analyses referred to above. The analyses differ 
only in the analytic or computational method used to account for solid 
diffusion (including assumed dendrite geometry). 
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54. MICROSEGREGATION AND SOLIDIFICATION 
PATHS—IRON BASE ALLOYS 


Examples of extensions and applications of Scheil type analyses to steel 
solidification are given in this section. Matsumiya et al. (1984) and Ueshima 
et al. (1986) studied solute redistribution in carbon and low-alloy steels in 
which the ô/y transformation occurred, using the geometric model of Fig. 5.8. 
Redistribution of solutes at the solid-liquid and ôy interfaces were taken into 
consideration, as was solid diffusion. Model inputs included partition ratios 
between liquid-solid and solid-solid phases for the elements considered (C, 
Si, Mn, P, S); diffusion coefficients as a function of temperature for each 
element in both of the solid phases; and data for liquidus and ô-y surfaces. 
Figures 5.9 and 5.10 illustrate typical results from the above studies, for an 
alloy containing 0.13 wt%C, 1.52 wt%Mn and 0.016 wt%P. Agreement with 
the experiment is seen to be excellent. Combined results of the analytical 
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Figure 5.8 (a) Schematic drawing showing the longitudinal and transverse 
cross sections of dendrites (Reproduced from Ueshima et al., 1986, with permis- 
Sion). (b) Schematic drawing showing the solute distribution in the transverse 
cross section of dendrite. 
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Figure 5.9 Change in manganese distribution in dendrites. Cooling 
2.7°Cmin™'. (a) 1504 °C, (b) 1480°C, (c) 1450 and 1400°C (Reproduced 
Ueshima et al., 1986, with permission). 


and experimental work showed that phosphorus, which is an a-stabilizing 
element, is redistributed from the interdendritic region to the center of t i 
dendrite. Manganese, which is a y-stabilizing element, is redistributed from 
the center of the dendrite to the interdendritic region, but the amount of this 
redistribution is small. 


increases with decreasing cooling rate in the 6 + y phase region (as th 
duration of existence of the ĝ phase increases). The manganese and 
phorus concentrations in the interdendritic region are low when the carbon 
concentration is below 0.1 wt%. This is because the fraction solidified as 
phase increases at low carbon concentrations, thus promoting diffusion in th 
6 phase and redistribution of phosphorus at the time of ô| y transformation. 
Using a similar geometric model and phase diagram data from the o 
Calc software and database package (Sundman et al., 1985), Koseki et 
(1994) performed calculations for Fe-Cr-Ni stainless steels. Complete difi 
sion was assumed in the ô phase with limited diffusion in the y phase 
Austentic stainless steels exhibit various solidification modes and final 
structures depending on alloy composition and solidification condit 
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Figure 5.10 Effects of carbon concentration and cooling rate on interdendritic 
concentrations of (a) manganese and (b) phosphorus on cooling to 1300'C 
(Reproduced from Ueshima et al., 1986, with permission). 


Some of these are shown schematically in Fig. 5.11; others are discussed in a 
later section (Suutula et al., 1980; Takalo et al., 1979; Koseki et al., 1994). 
Koseki et al. (1994) showed that each of these modes could be modeled and 
that calculated results were in good agreement with experiments. 

As an example, Fig. 5.12 shows typical calculated results for an Fe-18 
Cr-12Ni alloy (wt%), where the solidification rate is 1.5mms~! and heat 
extraction corresponds to an energy input of 2000Js~' in welding. Change 
in the fraction of each phase is shown in Fig. 5.10a as a function of time, and 
the solidification path projected onto the liquidus surface is shown in Fig. 
5.12b. The solidification starts with primary y austenite and changes to 
eutectic (y + à) solidification when the remaining liquid composition reaches 
the eutectic valley at f, ~ 0.83. The ô ferrite decreases in amount during 
cooling by the ô to y transformation. In austentic (y) solidification, the 
Partitioning of chromium between y and the liquid is significant, while the 
Partitioning of nickel is relatively insignificant, as seen in Fig. 5.12b. During 
the eutectic solidification, the liquid composition follows the eutectic valley 
toward the higher alloy side, forming à ferrite which is depleted in nickel and 
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Figure 5.11 Schematic summary of the solidification modes of austenitic 
stainless steels (Koseki et al., 1994; Takalo et al., 1979; Suutala et al., 1980). 
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enriched in chromium to a large extent. Figure 5.13 compares experimental 
and calculated values of Cr and Ni content in a closely similar ‘FA’ alloy; 
excellent agreement is shown. » 


Time (s) 


55. SOLIDIFICATION INTO UNDERCOOLED 
MELTS 


Except in extremely thin sections (less than tens of micrometers thick) it is not 
possible to obtain dendrite tip velocities above about 0.1ms~! when heat 
extraction must be through the growing solid. In undercooled melts, on the. 
other hand, much higher velocities are possible. Figures 5.14 and 5.15, from. 
work of Barth et al (1991), and analyzed by Trivedi and Kurz (1994), show an 
example. In this Fe-25 at% Ni alloy, dendrite tip velocities up to 30 m s! are 
obtained at undercoolings on the order of 200K (Fig. 5.14). The dendrite 


and (b) solidification path projected onto the liquidus surface (Reproduced from Koseki et al. 


Figure 5.12 Calculated results for the weld solid 
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Figure 5.13 Comparison of calculated profiles of chromium and nickel with 
experimental results by CMA line analysis for PA solidification mode (Repro- 
duced from Koseki et al., 1994, with permission). 
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ATK 
Figure 5.14 Experimental results on dendrite growth velocity as function of 
undercooling in undercooled Fe-25at%Ni alloy: the solid line corresponds to 
predictions of the theoretical model (Trivedi et al., 1987). 
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Figure 5.15 Theoretical predictions for (a) dendrite tip velocity and (b) den- 
drite tip radius as function of undercooling in rapidly solidified Fe-2at%Ni alloy 
(Trivedi et al., 1987). 


growth model of Trivedi et al. (1987) agrees well with experimental results, 
assuming solute trapping such that the partition ratio goes from its equili- 
brium value to unity over the range of velocities of about 1 to 100 ms, and 
the kinetic coefficient is about 1.9ms~'K~!. Figure 5.15 shows, over a fuller 
range of undercoolings, the calculated tip velocity versus undercooling, and 
also dendrite tip radius versus undercooling. 

In a number of actual steel solidification processes, solidification may, in 
fact, occur into melts which are significantly undercooled. Such processes 
include liquid metal atomization, spray casting, and thin strip casting; an 
example of solidification in strip casting is shown schematically in Fig. 5.16. 
In an earlier, technologically interesting, development, Massoubre and 
Pflieger (1978) ‘spun’ steel wire of about 200m diameter at speeds of 


166 Merton C. Flemings 


(a) 


(b) 


T 


dendrite 
=I > tip location — | - 


l | l 


Temperature 


top surface of strip 


B B 
Distance ~*~ 


Figure 5.16 Steel strip solidification: (a) schematic diagram; (b) temperature 
distribution along radius BB’ (Flemings and Koseki, 1994). 


12-20ms-; solidification was schematically as shown in Fig. 5.17a with 
resulting tip undercoolings diagrammed in Fig. 5.17b. Tip undercooling 
increases with tip velocity in a manner similar to that of the Fe-Ni alloy of 
Fig. 5.14; the undercooling is, however, somewhat higher for a given tip 
velocity. j 

A recent series of papers based on doctoral thesis work of Koseki (Flemings 
and Koseki, 1994; Koseki and Flemings, 1995a,b,c) has shown the remarkable 
range of solidification modes and final microstructures obtainable in stainless 
steel as a result of variations in amount of undercooling of the metal bath, and 
of heat extraction rate during solidification. Small droplets of the metal alloys 
were levitation-melted, with high-speed temperature measurement made 
during solidification; samples were quenched at various times during and 
after solidification for structural examination. 
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Figure 5.17 (a) Solidification of spun cast wire. At steady state, wire moves to 
right with velocity R and dendrites grow at constant velocity R into liquid metal 
undercooled an amount AT. (b) Measured temperature distributions along spun 
wire during steady-state solidification at different velocities (Massoubre and 
Pflieger, 1978). 
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Figure 5.18 Schematic recalescence curve with structures for alloys | and 2 
with moderate to high initial undercoolings (Koseki and Flemings, 1995c). 


Figure 5.18 is an example of results obtained. It shows schematically the 
recalescense and solidification behavior of an alloy that lies well within the 
region where austenite is the first phase to form on equilibrium solidification 
(Fe-18 wt%Cr). At undercoolings greater than about 100K, the metastable 
BCC phase nucleates and grows during the first recalescence. Then, after a 
time delay and during a ‘second recalescence’, the BCC transforms to FCC 
and FCC then continues growing, surrounding the original growth structure. 
An alloy closer to the BCC phase field (but still one that would solidify first to 
FCC at equilibrium) recalesces and solidifies similarly to the alloy described: 
above, except that the transformation from BCC + FCC takes place by 
diffusion of solute through the liquid (Fig. 5.19). 

It is clear from results of the studies discussed above that newer steel 
solidification processes which take place in thinner sections and at higher rate 
may result in quite different structures from those we encounter in traditional 
processes, and can be understood only with solidification models that go 
beyond the Scheil model and its derivatives. 
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Figure 5.19 Schematic recalescence curve with structures in Alloy 3 
(Fe-17.5Cr) with intermediate undercoolings (Koseki and Flemings, 1995c). 


5.6. INCLUSION FORMATION 


Inclusion formation during solidification of ferrous alloys can often be fully 
described by a Scheil type analysis, simply viewing the inclusion as an 
additional phase in a multicomponent system that solidifies with negligible 
undercooling or kinetic limitation to growth. 

Such a model describes the formation of oxysulfides in iron (Yarwood et al., 
1971). Figure 5.20 diagrams the somewhat complicated solidification ‘path’ 
for this case. When the miscibility gap is reached during solidification (at 
the intersection of the liquidus path with the boundary of the phase field, 
L + La liquid inclusions form, first of composition M and then of other 
compositions along the line MP. The inclusions are entrapped in the growing 
iron and isolated from each other. Each then solidifies along its own 
Solidification path to the final ternary eutectic point E. Because of these 
multiple ‘solidification paths’ and the isolation of each individual inclusion, 
the oxygen/sulfur ratio of the inclusions in the fully solidified material ranges 
from rich in FeO to rich in FeS. Inclusions in other systems, whether or not 
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Figure 5.20 Schematic illustration of the liquidus surface of the Fe-FeO-FeS 
system showing solidification path of an iron-rich alloy of composition Co. Point P 
is a minimum on the line of twofold saturation. Insert is enlargement of the Fe- 
rich corner (Reproduced from Yarwood et al., 1971, with permission). " 


1 


they obey a Scheil type relation, may be pushed by the growing solid and so 
end up largely in interdendritic spaces. Silicon inclusions are an example 
(Myers and Flemings, 1972). > 

Yamada and coworkers have extended this type of analysis to carbon steels 
(Ito et al., 1990). Inclusions were assumed to form homogeneously in the 
interdendritic liquid and to be entrapped by the growing solid. Solgasmix 
(Eriksson, 1971) was employed to calculate equilibria between the molten. 
steel and complex oxides during solidification. Diffusion in the solid steel was. 
incorporated. Figure 5.21 shows calculated results for a 0.3 wt% carbon steel, 
solidified with a local solidification time of 200 seconds. At very low cooling 
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Figure 5.21 Composition of inclusions entrapped at the given fraction solid in 
a 0.3 wt% carbon steel composition. 


rates, calculated inclusion amounts and compositions were somewhat differ- 
ent as a result of less sulfur segregation. 

In a further extension of this type of analysis of stainless steel, Yamada et al. 
(1993) considered the presence of primary inclusions, as well as those that 
form during solidification of the steel, and assumed that inclusions were 
‘pushed’ by the growing metal dendrite arms until a certain critical fraction 
solid was reached. Calculated results showed that the major constituents in 
the nonmetallic inclusions were Al,O; when the oxygen content was low 
(40 ppm) and SiO; and MnO when the oxygen content was higher (over 
80 ppm) (Fig. 5.22). Calculated results agreed with observations of non- 
metallic inclusions in continuously cast stainless steel slabs when the inclu- 
sions were assumed to be entrapped at a fraction solid of 0.5 and above. 

Other applications of analysis of this type to understanding of steel 
Solidification phenomena may be found in the recent literature. One example 
is the work of Wintz et al. (1995), who calculated the temperature range over 
which liquid films may exist in sulfide-containing carbon steel. They showed 
that in one steel a Mn/S ratio of 15 can result in such films a full 150°C below 
the liquidus temperature (a condition leading to severe biot tearing). 


5.7. MACROSEGREGATION 


The cause of macrosegregation in castings and ingots is the physical move- 
ment of liquid or solid phases during solidification. Diffusional transport can 
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Figure 5.22 Calculated and experimental Al;Os (a) and SiO; (b) 
tions in complex oxide inclusions in a (sus 304) stainless steel. Agreement 
theory is best assuming trapping at f, = 0.5 (Reproduced from Yamada et 
1993, with permission): 


igni i in which the physi 
be significant only over very small distances. One way in wi 
displacement can occur is by floating or settling of precipitated phases early 
solidification (e.g., flotation of inclusions or settling of fine grains early in 
solidification process). Most macrosegregation, however, is caused by 
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Figure 5.23 Fluid flow through a solidifying ‘volume element’. 


different mechanism—the flow of liquid through the interdendritic channels 
in the liquid-solid zone. Causes of this flow include solidification shrinkage, 
gravity induced convection, and solid movement (e.g. ‘bulging’). 

Figure 5.23 is a schematic diagram of a ‘volume element’ in the liquid-solid 
region of a solidifying casting. The element is permeable to liquid flow. 
Because liquid composition varies spatially within the liquid-solid zone, any 
interdendritic flow other than that parallel to an isotherm must alter the 
composition of the volume element. Conservation of solute requires modifica- 
tion of the Scheil equation to a new ‘local solute redistribution equation" 
(Flemings and Nereo, 1967; Mehrabian et al., 19702): 


ag. — (1-f v- AT) Gr. 
x- (irs Pda (5.3) 


where f is solidification contraction and £ is rate of temperature change. The 
Physical significance of Equation 5.3 can be seen by considering steady-state 
Solidification with planar isotherms moving with velocity R in the x direction. 
Equation 5.3 then becomes: 
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where v, is isotherm velocity perpendicular to isotherms. Equation 5, 


reduces to the Scheil equation when v, and £ both equal zero. It also red 
to the Scheil equation (written in terms of volume fraction) when 


V. -(;53* (5. 


This flow is just that required to feed solidification shrinkage, and in s 
state solidification the result is no macrosegregation. Flow with a sj 
greater (down the temperature gradient) than that of Equation 5.5 results 
negative segregation; a speed that is less, or in the opposite direction, results 


center 


96°74, 9,20 gem? 


positive macrosegregation. 

A schematic illustration of application of these principles to contini 
casting is shown in Fig. 5.24. No segregation results if interdenderitic 
lines are all vertical. Negative segregation at mid-radius would result 
flow lines such as those of Fig. 5.24a, and positive segregation at the cent 
would result from flow lines such as those of Fig. 5.24b. It can easily 
visualized that ‘bulging’ will result in greater downward flow and, 
particular, greater downward flow toward the centerline (as illustrated 
Fig. 5.24c), thus enhancing centerline segregation. 

Miyazawa and Schwerdtfeger (1981) were the first to demonstrate ' 
foregoing by quantitative calculation of segregation during bulging in 
tinuous casting. Figure 5.25a illustrates their model, and Fig. 5.25b shows o e g RB S 
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Figure 5.24  Interdendritic fluid flow in a continuous casting. (a) No 


tion; (b) negative segregation at mid-radius; (c) positive segregation at cente! 
(Reproduced from Flemings, 1974, with permission). 
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Figure 5.26 Macrosegregation of carbon (left) and of manganese (right) 
three different degrees of bulging in carbon steel (Reproduced from Miya 
and Schwerdtfeger, 1981, with permission). 


liquid-solid zone. Resulting carbon and manganese macrosegregation 
shown in Fig. 5.26. Another limiting condition of Equation 5.4 occurs when: 


o> 1 6. 


that is, when flow is in the same direction as, and is greater than, isoth: 
velocity. In this case, as temperature continues to fall (and so local liqui¢ 
composition increases), local melting occurs, rather than solidification. It 
this local melting that results in the channel segregates known in their vari 
manifestations as ‘freckles,’ ‘A’ segregates, and ‘V’ segregates. The 
relation of Equation 5.5 was first understood qualitatively on the basis 
laboratory experiments (McDonald and Hunt, 1970; Copley et al., 1970) 
later interpreted analytically with the aid of Equation 5.3 (Mehrabian et 
1970b). 
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In the several decades since publication of the initial work on macrosegre 
gation referred to above, many refinements have been incorporated in 
theory, including the ‘bulging’ referred to above, treatment of the non-st 
state, and more precise treatment of permeability and fraction solid variation 
during solidification (Miyazawa and Schwerdtfeger, 1981; Mehrabian et al., 
1970b; Kou et al., 1978; Dilawari and Szekely, 1977; Asai and Muchi, 1978; 
Fujii et al., 1979; Mori et al., 1989; Ridder et al., 1981; Tacke et al., 1981; 
Ohnaka and Fukusoki, 1981; Ramachandran et al., 1981; Chang and Brown 
1983; Maples and Poirier, 1984; Ohnaka and Kobayashi, 1986; Bennon and 
Incropera, 1987a,b,c; Nandapurkar et al., 1989; Heinrich et al., 1989). 

Much work has been done also to reduce or eliminate macrosegregati 
through control of liquid and solid movement. One method of consid 
practical importance is to eliminate bulging through application of ext 
force and, preferably, to introduce a small amount of reduction (‘ 
reduction’) to reduce further undesirable fluid flow. Figure 5.27 from w 
of Izutani et al. (1988) is one example. Continuous forging, Fig. 5.28, can also 
be employed, with similar resulting reduction of centerline segregation 
(Nadeshima et al., 1995). Even in thin strip casting, some reduction di 
solidification improves homogeneity (Mizoguchi and Miyazawa, 1995). 

Macrosegregation can also be reduced by increasing the amount of equi: 
grain structure, and by reducing equiaxed grain size (Ayata et al., 1984, 199 
The reason for this reduction appears to be the fact that the finer eq 
grains are able to ‘mass feed’ to a higher fraction solid than are coarser 
resulting in less interdendritic flow being required. 


5.8. DENDRITE ARM SPACING AND GRAIN SIZE 


Two additional important aspects of solidification structure in steel cont 
‘uous castings are grain size and dendritic arm spacing. Much effort conti! 
to be spent in practice in controlling these important structural features, 
on the now well understood fundamentals of their formation. Dendrite arm 
spacing (secondary dendrite arm spacing in the case of columnar grains) 
depends solely on cooling rate because it is determined by 'ripening." 
spacing varies with cooling rate to approximately the 1/3 power as would bi 
expected from ripening kinetics, and dendritic arm spacing at a given co 
rate does not vary greatly from one steel alloy to another (Flemings, 1974). 
Solidification grain size in any given casting can be determined either 
extent of nucleation or by the extent of the *break up' of dendrites which : 
formed. We now understand that for steel alloys the latter mechanism is by far 
the most important and this dendrite break up can be enhanced 
introduction of convection during the early stages of solidification. 
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Figure 5.28 Transition of carbon concentration at center after forging (Repro- 
duced from Nadeshima et al., 1995, with permission). 


much engineering effort is spent in developing electromagnetic stirrers for the 
continuous casting process at or near the mold zone. In the limit, vigorous 
Stirring can result in nondendritic, spheroidal solid grains (Flemings, 1991; 
Blazek et al., 1995). When this is achieved, the liquid-solid structure remains 
Quite fluid to a very high fraction solid. 

It has long been a dream of ferrous metallurgists to find a heterogeneous 
nucleating agent (‘grain refiner’) that would be effective and would have a 
sufficiently long lifetime in molten steel to be useful in practice. Various 
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studies have been made over the years seeking a refiner, with occasionally 
some limited indications of success (Flemings, 1974). If such a grain refiner is 
eventually discovered, it will probably be one which forms ‘in situ’ in the melt 
just before the solidification of steel, thus avoiding the necessity of a long 
lifetime. 


5.9. CONCLUDING REMARKS 


Remarkable progress has been made in recent years in understanding and 
employing solidification principles of relevance to steel processing. This 
understanding has been critical to the developments of newer casting pro- 
cesses, including continuous casting and thin slab casting. It has aided in the 
development of processes to reduce macrosegregation (electromagnetic stir- 
ring, soft reduction) and in controling metallurgical structure including grain 
size and inclusion morphology. 

As steel processing moves toward thinner sections (e.g., strip casting) we 
enter a heat flow and processing domain where nonequilibrium phenomena 
will be of increasing relevance to solidification processing. These phenomena. 
include liquid undercooling, interface kinetics, and metastable phase selec- 
tion. We also enter a domain where new structures should be achievable 
respect to both major and minor phases, and where, therefore, we may look for 
new engineering opportunities. 
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Interfaces and interfacial reactions 
of gases with liquid alloys and 
slags 


G.R. BELTON 
BHP Research, Newcastle Laboratories, Shortland, New South Wales, 
Australia 


6.1. INTRODUCTION 


A reaction between a gas or gases and a metallurgical melt will generally 
involve transport processes within one or both of the bulk phases as well as the 
interfacial chemical step or phase boundary reaction. The unambiguous 
description of the overall rate of such a reaction requires a knowledge of the 
rate phenomena involved in the transport steps and the rate law of the 
interfacial reaction step, unless the molecular processes are sufficiently fast 
for the interfacial reaction to be at virtual equilibrium with respect to the 
concentrations of reactants and products at the interface. The rate phenomena 
which occur in this interfacial chemical Step are the subject of the present 
chapter. 

The experimental determination of an empirical rate law together with 
appropriate rate constants is a useful end in itself, but ultimately we would like 
to understand enough of the details of the mechanism of the reaction to be able 
to formulate a rational rate law. Such a rational rate law will usually need to 
include factors other than simple concentrations of reactants and products to 
account for the dependence of the rate on the concentrations of other 
components in the melt. The rational and empirical rate laws must ultimately 
agree and it is usual to speculate on the mechanism from the empirical law. 
However, it is seldom that there is sufficient information in a single kinetic 
Study to firmly establish a mechanism. Further information may be needed on 
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relevant chemisorption equilibria, the rates of possible elementary steps in a 
proposed reaction sequence, and the steady-state chemical potentials of 
reaction intermediates (Wagner, 1970). 

In reactions with liquid metals it is virtually impossible to ascribe definit 
electrical charges to absorbing or adsorbing atoms or molecules and rate la 
can be formulated usually without inclusion of charge transfer phenomena, 
reactions with liquid oxides, an absorbing atomic species must ultim 
acquire a reasonably well-defined charge and the condition of electri 
neutrality must be included in the overall formulation of the rate law. 
principle, the charge transfer process may be rate determining or virtual 
equilibria in a reaction sequence may need to be formulated in terms o 
electron donor and acceptor concentrations. 
The early work of Kootz (1959) and Naeser and Scholtz (1959) and slightly 
later work by Schenck et al. (1962), Kozakevitch and Urbain (1963), and 
Pehlke and Elliott (1963) demonstrated that the presence of the sti 
surface-active solutes oxygen and sulfur retarded the rate of reaction 
nitrogen with liquid iron. Darken and Turkdogan (1970) reviewed this and 
other work and showed that under the conditions of near surface saturation by 
an interfering solute the interfacial rate is often inversely proportional to th c 
activity of the solute, that is, consistent with the reaction occurring on the 
remaining vacant sites, Thus, reactions at the gas-metal interface involve the 
interplay of the chemisorption of impurities, reactants, and reaction inter 
mediates with bond breaking and forming kinetics. 


tely 


6.2. INTELLECTUAL FRAMEWORK 


Modern reaction rate theory is based essentially on the concept of tht 
activated complex which, in the rate-determining step, is in virtual 
librium with reactants, and the presumption that this complex decomposes at 
a universal rate which is a function only of temperature. For the 
development of this ‘absolute reaction rate theory’ from statistical mechan 
considerations, the reader is referred to the works of Eyring (1935) 
Glasstone et al. (1941). 

Tf we consider a reaction to occur between two species, A and B, which 
adsorbed at an interface, we may express the virtual equilibrium betw 
these species and the activated complex, (AB)f, as 


m ian 
GAB 


where Kt is the equilibrium constant, a, is the activity of the activ: 
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complex, and a4 and ag are the activities of the reactants. This may be further 
expressed as 


Et Ine = goAGURT 
aag 
where I’; is the surface concentration, y+ is the surface activity coefficient, and 
AGr, AH}, and AS; are the standard free energy, enthalpy, and entropy, 
respectively, of formation of the activated complex. 

The activities of the reactants may be taken to refer to those in the 
appropriate bulk phases, e.g., the gas for a gaseous reactant or the liquid 
metal for a reacting solute, since equilibrium is assumed for all processes 
before activation. The concentration of activated complexes, T, is usually 
expressed in moles per unit area of surface. 

The universal rate at which the activated complexes are assumed to 
decompose to products is kgT/h per second, where kg is Boltzmann’s 
constant, A is Planck's constant, and T is the absolute temperature. The 
reaction rate may then be expressed as (kgT/A)T,, or about 2.1 x 10!° 
(TT) molem -? s~}, Thus, for a typical reaction rate of 10 ^molcm ?^s-! 
at 1500°C, the steady-state concentration of activated complexes is considered 
to be of the order of 1075 molcm-?. This is very small in comparison 
with typical values for a monolayer coverage of a surface, i.e., about 
10? molcm^?, 

The complete expression for the reaction rate, v, is 


v= anap (e 27) 
RA 


where the bracketed quantity is the rate constant with respect to the product 


= eTA /RT ASt /R (6.2) 


(6.3) 


Of the activities of the reactants. The temperature dependence of the 


logarithm of the rate constant will be dominated by the temperature depen- 
dence of log K’, i.e., by the enthalpy of formation of the activated complex, 
plus the temperature dependence of log(1/7,). This net enthalpy will differ 


only slightly from the empirical Arrhenius activation energy E obtained by 


assuming that the rate constant is given by the expression 


k= Qe BIRT (6.4) 


Where is now the rate constant and the preexponential factor C is presumed 


to be a constant. 
The surface activity coefficient, 75» Will generally be a complex function 


of the coverage of the surface by other adsorbed reactant, intermediate, or 
impurity species. A first-order simplification may be made by assuming that 
the activated complex follows a Langmuir adsorption isotherm. This 
isotherm arises from the assumption that the energy of adsorption of the 
Particular species is independent of the coverage or atomic arrangement of 


186 G.R. Belton 


all species on the surface. For single site occupancy and constant tempera- 
ture we may write 


r T4/To 


mra Ipan a 


where 0j is a fractional coverage by any adsorbed species, 6, is the fractional 
coverage by the activated complex, I is the total number of sites per unit area, 
and K$ is an equilibrium constant (adsorption coefficient). 

‘The forward reaction rate may therefore be written as 


2 = ayay(1 — Y) (sz TK) (6.6) 


where the quantity in the second set of brackets represents a rate constant, k, 
at low surface coverage. The two equilibrium constants cannot be operation- 
ally separated, and the activation energy obtained from a plot of log(k/T) 
versus 1/T is identified with the enthalpy of formation of the activated 
complex on the ideal surface; again, approximately equal to the Arrhenius 
activation energy. At significant surface coverage, the temperature depen- 
dence of the rate will include a factor which is a function of the heats of 
adsorption of all species other than the activated complex, which, as noted 
earlier, would be present at very small concentration. 

The principle of microscopic reversibility requires the activated complex 
be the same for the forward and reverse reactions. Accordingly, for a reaction 
which is near to equilibrium, the net rate of reaction is given by substitution: 
the expression [aAag — (@,@p)eq) for the term aAag in Equation 6.6, where 
(aAdp)eq is the value which would be in equilibrium with the activities of 
reaction products. Although all of the foregoing has been formulated in teri 
ofa bimolecular second-order reaction, the extension of the principles to o 
orders of reaction is straightforward. 

Clearly, a rate expression of the form of Equation 6.6 must be regard 
as a first approximation and it is not normally possible to calculate 
energetics of formation of proposed activated complexes from first pi j 
ples. It does, however, provide a useful framework for the analysis of high- 
temperature rate data and an understanding of the influence of the s ci 
constitution of the melt on rates and rate laws. In the words of the 
metallurgist John Chipman: "The usefulness of a scientific law does 
depend on its exactness but rather on whether it gets you out of more 
trouble than it gets you into." 
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6.3. THE SURFACE CONSTITUTION OF LIQUID 
ALLOYS 


The several surface spectroscopies are significantly advancing our under- 
standing of surface segregation phenomena in solids, and Grabke and co- 
workers (1989, 1995) have recently reviewed the results of such studies for 
mainly ferrous alloys at elevated temperatures. For an introduction to these 
surface spectroscopies, reference may be made to the text edited by Walls 
(1989). At present, the only source of quantitative information on adsorption 
equilibria for high-temperature liquid alloys is the depression of surface 
tension, although some broad similarities are to be expected in the phenomena 
which occur in solid and liquid systems. 

The Gibbs adsorption isotherm (Gibbs, 1948) for a multicomponent 
system at constant pressure may be written: 


do — — y Ti du; (6.7) 


where ø is the surface tension, I’; is a surface concentration (adsorption), and 
ii; is the chemical potential of a component. Combination with the Gibbs- 
Duhem equation gives 


do=- > (r. t =) du; (6.8) 


i23 


where x, is a mole fraction and the quantities in brackets, the relative 
adsorptions T';;, are invariant with respect to the position of the interface. 
Component 1 is usually chosen to be the major component or solvent. 

For a full didactic discussion of the definitions of relative adsorption, 
reference is made to the paper by Wagner (1973). In general, approximations 
or reasonable models need to be used to derive internally consistent surface 
concentration information from the application of Equation 6.8. Usually, 
following Butler (1932), the surface phase is considered to be of near single 
atomic thickness and some area relationship is assumed among the coverages 
of the several species. A typical relationship is the Lucassen-Reynders (1966) 
convention: 


Super (6.9) 


where I” is a saturation coverage which is assumed to be the same for all 
Species, including the solvent. 

At low concentration of a solute 2 in a binary system, the limiting form of 
the adsorption isotherm becomes 
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ðo 

G a un —RTT; = -RTT 
where az is the activity of the solute 2. The limiting slope in a plot of a versus 
RT In az may be assumed to be the saturation coverage by the solute, 2, and 
Kozakevitch (1968) has shown that for the strongly surface-active group 
solutes in liquid iron these coverages are often in reasonable accord with a 
close-packed coverage by the doubly charged negative ion or with the 
occupied in a near close-packed plane of the element in an appropriate so 
compound for smaller ions. 


6.3.1. Ideal Adsorption 


If the ideal Langmuir isotherm is assumed, we may write 


[Ke d 
Ta = Ke (6.11). 
Substitution in Equation 6.10 gives, at constant temperature and pressure, 
D 
da pm Kia 
dna BET 1+ Kia; (6 


This equation may be integrated between a; = 0 and a; = a; to give (Belton 
19762) 


a” — a = RTT$ In(1 + Kja;) 


where g” is the surface tension of the pure solvent. This ideal adso! 
equation was first deduced empirically in a slightly different form 
Szyszkowski (1908) and has been found to describe surface tension d 
closely for many ionized (Lucassen-Reynders, 1966) and un-ionized (i 
ner and Michaels, 1949) surfactants in water. In the form 


T. 
a -o - -RTTÓ in(1 +) 
it is known as the Frumkin (1925) equation. ] 
In initial analyses (Belton, 1976a,b), Equation 6.13 was found to give a clo 

description of the available surface tension data for the group VIb elements ii 
some liquid metals and the derived values of the apparent ideal adsorption. 
coefficient for O, S, and Se in liquid iron were shown to be broadly in accord 
with the effects of the elements in retarding the rate of absorption of nitrogen — 
into liquid iron. The isotherm 
1788 — o = 195In(1 + 185as) mN m^! (6.15a) 


is shown to be in close agreement with the available data (Kozakevitch and 
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data of 
Kozakevitch and Urbain 
1550°C 
Dyson, 1550°C 
Halden and Kingery, 1570°C. 
Van Tszin-Tan, Karasev, 
and Samarin, 1550°C 
Gaye, Lucas, Olette, and 
Riboud, 1600°C 
Ogino, Hara, Miwa, and 
Kimoto, 1580°C 


surface tension, mNm  » 10? 


Figure 6.1 The depression of the surface tension of liquid iron by sulfur at 
1550-1600"C. Reproduced from Belton (1993), with permission. 


Urbain, 1961a; Halden and Kingery, 1955; Van Tszin-Tan et al., 1960; 
Dyson, 1963; Gaye et al., 1984; Ogino et al., 1984) for the effect of sulfur on 
the surface tension of liquid iron at 1550-1600°C in Fig. 6.1, where Henry's 
law is assumed to hold for the dilute solute. 

For selenium, the consistent isotherm at 1550°C is 


1788 — g = 1761n(1 + 12002.) mN m^! 


where activity is equated with wt%. 

The measurement of surface tensions of liquid iron alloys is experimentally 
difficult and derived values of the limiting slope, RTT, are uncertain. In 
addition, the surface tension of ‘pure iron’ in the extant literature (Keene, 
1988) varies over a range of about 700 mN m ^ '. In applying Equation 6.13 to 
a set of data, it is probably reasonable to use the value for pure iron from the 
same study or, at least, from studies using the same technique and closely 
similar experimental conditions. 

Oscillating droplet studies by Kasama et al. (1983) and the more recent 


(6.15b) 
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Figure 6.2 Recent results for the depression of the surface tension of liquid 
iron by oxygen at 1150-1600*C. 
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sessile droplet studies of Jimbo and Cramb (1992) are, however, in good 
accord for both the surface tension of pure iron and iron-oxygen alloys. Their 
results are shown in Fig. 6.2 to be closely described by the isotherm » 


1890 — a = 2991n(1 + 11029) mN m-1 
at 1600°C, or the consistent isotherm 
1905 — ø = 291 In(1 + 13020) mNm-1 


to support such ideal behavior on liquid iron, but studies on solid metal 
suggest that this can occur. For example, Auger electron spectroscopy s 
by Seah and Lea (1975) have shown that the adsorption of tin on pol ycryst 
line x-iron at 500-850°C is closely described by Langmuir adsorption and! 
the adsorption coefficients are in good agreement with those deduced i 
surface tension (zero creep) measurements (Seah and Hondros, 1973) on 6 
iron-tin alloys at 1420°C. : 3 
Derived values of the apparent ideal adsorption coefficient are uncertait 
(Belton, 19762) to at least +20% and any estimates for the heats of adsorptio 
of the group VIb elements on liquid iron would be too crude to be of value. 
For sulfur on liquid copper and oxygen on liquid silver, where the isotherms 
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are available over a reasonably wide temperature range, the respective 
heats of adsorption from solution have been deduced to be about —170 and 
—200k] mol" '. 


6.32. Nonideal Adsorption 


A more general relation between surface tensions and adsorption has been 
developed by Lucassen-Reynders and van den "Tempel (1964). For a binary 
system, this may be expressed as 


o? — o = -RTTÓ In(1 — 63) — RTT In y; (6.18) 


where yj is the surface activity coefficient of the solvent 1 in the surface phase 
with yf + 1 as T9 — 0. If the surface phase is assumed to be a regular solution, 
we obtain the Frumkin expression 


oœ -a = -RTT [In(1 — 62) + 663] (6.19) 


where 6 is a regular solution constant. This is also the expression which would 
be obtained if the adsorption isotherm 


G5) exp(202) = Kian 


rather than the ideal Langmuir isotherm were to be substituted in Equation 
6.10. Independent information on, or a Presumption of the value of the 
saturation coverage by the solute, I$, is needed if these equations are to be 
applied to surface tension data to examine deviations from ideality. 

Auger electron studies of the segregation of oxygen to the surfaces of 
Polycrystalline copper (Guth et al., 1984) and iron (Grabke, 1989) at elevated 
temperatures have shown a distinct two-stage adsorption behavior. For iron at 
800°C, the first step appears to be filling of sites to an O/Fe ratio of 0.25 and 
the second step to be filling to an O/Fe ratio of 1. The two steps were 
reasonably well described by Langmuir isotherms. It may be speculated that 
at the liquid metal surface the group VIb ions, at least, would exhibit strong 


(6.20) 


isotherms with Progressively lower values of the adsorption coefficient, It 
can be shown (Belton, 1993) that the expression for the lowering of surface 
tension of a binary alloy becomes 


o — — RTT) Y B, In(1 + K$ja;) (6.21) 
j 
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Figure 6.3 Calculated fraction of vacant sites for a two-step isotherm vei 
an ideal isotherm for sulfur on liquid iron at about 1600°C. 


where fi; is the fraction of sites of a given type and K7y is the a: 
adsorption coefficient. . 
Assuming an initial site filling to S/Fe of 0.25, the two-step isotherm 


1788 — a = 195[0.25In(1 + 6000as) + 0.75 In(1 + 60as)) mN m^! (6. 


has been found to describe the surface tension data for liquid iron-s 
alloys, as shown by the dashed curve in Fig. 6.1. The calculated 
vacant sites, 1 — 0s, for the two-step isotherm and the aru: puse. r 

red in Fig. 6.3. Clearly, very high precision in surface tension d 
En be AU to establish such nonideal behavior and, broadly; A 
reaction rate were to be a linear function of the fraction of vacant sites, the 
would be only a small difference in the functional dependence of the rate 
solute concentration. 


6.3.3. Ternary Alloys and Coadsorption 
At low concentrations of solutes 2 and 3 and constant temperature 
pressure, the limiting form of Equation 6.8 may be written as 
da = —T2 dua — Vs dus (6 


Transformation of this expression to two independent equations 
ek es by Whalen et al. (1962) and the present author (Belton, 1972). 
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constant atom fraction of one solute, the latter work has shown that the 
dependence of the surface tension on composition becomes 


Pow ain y; ain ys 
ET Gs), [Rn ) +1] +r = ). 


At low concentration and using wt% as the practical composition function, 
this becomes 


(6.24) 


1 ðo 
~ 2308RT (cic) 7T [52)2) + Ts[*62] (6.25) 


3 log[?62] 
where ej represents a practical interaction parameter. 

In order to separate out values of I’; by applying Equation 6.24 to ternary 
(or higher-order) systems, there must be sufficient surface tension data and 
bulk phase thermodynamic data to allow a series of intersecting composition 
paths of constant mole fraction of a component to be analyzed. This is not 
usually the case. 

Studies of the surface tensions of Fe-O-S alloys have been carried out by 
Ogino et al. (1983) and their results are in reasonable accord with earlier work 
by Popel et al. (1975). Unfortunately, the precision in the data is insufficient to 
apply Equation 6.25 in a detailed analysis, but paths of constant composition 
for each component clearly show decreasing surface tension with increasing 
Concentration of the second component. Since the terms involving the 
interaction parameters are small at the low concentrations, this is consistent 
with coadsorption of the two solutes. The authors concluded from a simplified 
analysis that the data were consistent with ideal competitive adsorption of the 
two solutes, i.e., the Langmuir isotherm constants from the binary systems 
were applicable to the ternary system. This must, however, be regarded as a 
rough first approximation. 

There are cases where pairs of solutes which are separately not very surface 
active cause a significant depression of the surface tension of liquid iron, and 
Kozakevitch and Urbain (1961b) suggested that the formation of surface- 
active molecular groups could be the cause. Auger electron spectroscopy and 
low-energy electron diffraction studies by Uebing et al. (1989) of single- 
Crystal surfaces of iron alloys at 500-750°C have now demonstrated the 
formation of the two-dimensional compounds CrC, CrN, and VC under 
conditions where the activities of the components are too low to form stable 
Precipitates. 

Whalen and colleagues (1962) measured surface tensions of liquid Fe-Cr-C 
alloys at 1350°C and at a constant atom fraction of carbon of 0.125. They 
observed a minimum in the surface tension at approximately xc, = 0.18. 
From Equation 6.24, an extremum will exist when 
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D rafı e (e) | trate) (62 


The thermodynamic factors in this equation are well established and it 
been shown (Belton, 1972) that the minimum is consistent with Tc, = Fc, i. 
adsorption of the stoichiometric compound CrC. This is illustrated in 
6.4. 

The existence of strong attractive interactions between solutes at 
surface may lead to enhanced adsorption without the formation of ap) 
stoichiometric compounds. This has been observed in Auger electron sj 
scopy studies by Dumoulin and Guttmann (1980) of a series of polycryst 
ternary iron alloys containing Ni, Cr, V, Ti, or Mo with Sb, P, S, C, or 
with 11 of these pairs showing strong cosegregation. A theoretical 1 
this cosegregation has been developed in terms of the regular sol 
approximation (Guttmann and McLean, 1979). 

Incorporation of this model into expressions such as Equation 6.24 for 
depression of the surface tension of liquid alloys would be complex and is 
justified because of the lack of experimental data. Qualitatively, however, 
cosegregation phenomena appear to occur, as is illustrated by the dep: 
of the surface tension of liquid iron by Si and C, solutes which are 
separately significantly surface active (Whalen et al., 1962). : 
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Figure 6.4 Surface tensions of liquid Fe-Cr-C alloys at 1350°C and 
0.125. Data of Whalen et al. (1962), after Belton (1972). 
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6.4. THE SURFACE CONSTITUTION OF LIQUID 
SLAGS 


As in the case of liquid alloys, surface tension measurements are the source of 
information on the surface constitution of liquid slags. Reference may be 
made to the review by Mills and Keene (1987) for most of the available surface 
tension data for slags containing FeO. Broadly, the surface tensions of pure 
liquid oxides and slags are lower than for the metals and the magnitude of the 
depression of the surface tension by surface-active components tends to be 
very much lower than, for example, that by the Group IVb elements in liquid 
iron. 

For binary systems based on liquid FeO, it is found that AlO, has a 
negligible effect, SiO2, TiO», CaO, and MnO moderately depress the surface 
tension, and Na,O and P2Os are reasonably strongly surface active. A 
summary of the data for 1420°C, taken from Kozakevitch (1949), is shown in 
Fig. 6.5. More complete experimental data for iron-saturated FeO-P,0, 


Depression of surface tension 


Qe E AE TE e VICE] 
ADDITIVE, mol% 


Figure 6.5 Depression of the surface tension of liquid iron oxide at about 
1420*C (after Kozakevitch, 1949). 
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Kozakevitch 1480-1500°C 
Vishkarev et al 1350-14000 
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mol% P205 
Figure 6.6 Surface tensions of iron-saturated FeO-P}0s melts. 


melts (Kozakevitch, 1949; Vishkarev et al., 1965) at low P205 contents 
shown in Fig. 6.6, together with recent values for pure FeO (Kidd 
Gaskell, 1986). The following ideal isotherm is shown to describe the data 


583 — o = 115In(1 +0.96ap,o,) mN m^! (6. 


where, following Kambayashi et al. (1985), Henry’s law is assumed for 
solute. The value of the adsorption coefficient (Langmuir isotherm const 
K},0,> of about unity is small but it suggests that the surface of liquid 
oxide would be half covered by ‘P20’ in some anionic form at about 1 mol! 
bulk concentration. 

For the less surface-active components in liquid iron oxide, dedi 
about the variation of surface constitution with composition would 
be even more qualitative, since at the higher concentrations needed 
significant depression of the surface tension the adsorption isotherm 
need to be considered in the complete form, i.e., 


1 da xvo 

== (~——] = -fro + — n 6.: 
R (; In d ino, o ( 

where YO represents the added oxide. A relationship between l'.o and 
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Figure 6.7 Approximate effect of additives on the surface tension of a calcium 
iron silicate (roughly equimolar) at 1350°C (after Popel, 1962). 


would need to be proposed, consistent with the sizes of likely ionic species at 
the surface. The Lucassen-Reynders convention, Equation 6.9, would be a 
reasonable first approximation for solutes such as MnO and CaO but it is 
likely to be a poor approximation for solutes such as SiO; and P2O5 which 
would be expected to form large anionic species at the surface. 

The effect of various additives on the surface tension of a calcium iron 
silicate at 1350°C, taken from the work of Popel (1962), is shown in Fig. 6.7. It 
is usually possible to draw only qualitative conclusions from these and similar 
data on slag systems in view of the fundamental difficulties, noted in Section 
6.3.3 on the surface tensions of ternary alloys, in applying the Gibbs 
adsorption isotherm to multicomponent systems without a detailed knowl- 
edge of the bulk phase thermodynamics and sufficient experimental data to 
Permit the use of several composition paths in the analysis. The relatively 
Strong depression of the surface tension in several slag systems by the basic 
alkalis is consistent with significant surface enrichment by these components, 
but, since they will also increase the activity coefficients of the other basic 
components and decrease those of the acidic components, the application of 
‘ven limiting relationships of the form of Equation 6.10 to quantify the 
adsorption of the alkali is likely to lead to error. A similar argument would 
hold for the effects of the strongly acidic components, i.e., POs and B203. 

Mills and Keene (1987) have noted that for the iron oxide-containing melts 
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the experimental conditions have often been such that the ferric/ferrous 
of the melt changes with the bulk composition of the melt. Since there 
evidence that ferric iron oxide is surface active in several melts, e.g., ir 
oxide, iron silicates (Vishkarev et al., 1965), and calcium ferrites (Din 
et al., 1963), adsorption and desorption of the ferric ion must be considered 
analyzing such experimental data. The most recent studies on liquid 
oxide at 1460°C by Kidd and Gaskell (1986), however, suggest that the ii 
of the ferric ion on surface tension is relatively small and p: 
adsorption, if any, is weak in these particular melts. 


6.5. THE RATES OF INTERFACIAL REACTIONS © 


GASES WITH METALLURGICAL MELTS 


Three metallurgically important groups of reactions will be disci 
illustrate the methodology and principles involved in the det 
rate laws and probable rate-limiting steps. These are oxygen transfer re: 
and the decarburization of liquid iron, nitrogen reactions with liquid i 
the oxidation and reduction of iron oxide slags. To avoid comple» 
superscripts and subscripts, the symbols v, ka and ko will generally be use 
denote a rate per unit area, an apparent rate constant, and a rate constant 
specifically defined condition, respectively. Where it is necessary to repr 
the quantities for a reverse reaction, v’, k4, and 6 will be used. The sub 
bar — will be used to denote a dissolved species, and the designation (: 
be used to denote a species adsorbed on a surface site. 


6.5.1. Oxygen Transfer Reactions and the 


Decarburization of Liquid Iron 


The rate of decarburization of liquid iron by the overall reaction 
CO;-C-2CO 


limitations were negligible by Sain and Belton (1976, 1978), i 
Fruehan (1989), and Nagasaka and Fruehan (19942). This body of work 
shown that the interfacial rate is first order with respect to the pressure of C 
over at least the range 0.1—0.5atm, independent of the pressure of CO, ar 
for high-purity iron, independent of carbon concentration from satur: 
down to at least 1 wt%. It is known that carbon has a negligibly small 
the surface tension of otherwise pure liquid iron (Kozakevitch and Urb 
1961b). Accordingly, the independence of the rate from carbon concentrat 


Interfaces and interfacial reactions 199 
cannot be attributed to near-saturation of the surface by carbon leading to an 
apparent zeroth order. 

We may assume either that the rate of dissociation of adsorbed CO; on the 
surface of the liquid iron is the rate-limiting step and that other steps are 
sufficiently fast to be at virtual equilibrium, i.e., 


CO» = CO») (6.302) 
CO2»aa) — Ofaay + CO(aay (6.31a) 
€ = Caa) (6.32) 
Chad) + Ofad) = COQa) (6.33) 
2CO (aa) = 2CO( (6.34) 
or that the rate of chemisorption of CO; is the rate controlling step, i.e., 
CO > COx45 (6.30b) 
CO»4) = Ofaa) + COqa) (6.31b) 


with steps (6.32) to (6.34) again at virtual equilibrium. Since it is not possible 
to distinguish between these two possibilities from the available experimental 
data, steps (6.30) and (6.31) can be considered in combination and the rate- 
determining step described as the dissociative chemisorption of CO;. Thus 
the activated complex would contain one molecule of CO; in the physically or 
chemically adsorbed state. 

At high concentrations of carbon, the virtual equilibrium (6.33) leads to 
very low values for the steady-state activity of oxygen. This, in turn, indicates 
that the surface coverage by adsorbed oxygen, calculated from the Langmuir 
adsorption isotherm (6.11) and values of the adsorption coefficient Kô from 
either (6.16) or (6.17), would be negligibly small. Thus, for high-purity 
carbon-saturated iron, we may write 


v= kopco, mol cm~? s~! atm (6.35) 


According to Sain and Belton (1976), values for this bare surface rate constant 
are given by 
5080 


log ko = ———— — 0.21 


T (6.36) 


from 1150-1600°C. 
guindenendent measurements of the rate of dissociation of CO; on liquid iron 
ve been carried out by Cramb and Belton (1981) through studies of the rate 
9f the isotope exchange reaction 
CO» + "CO -'*CO( +O) (6.37) 
3t 1540-1740°C. For a full description of the principles of isotope exchange 


200 G.R. Belton 


methods in heterogeneous reaction studies, the reader is referred to W 
monograph by Ozaki (1977). Initial studies of the exchange reaction (6.3 
on solid metal surfaces were carried out by Grabke (1965, 1967). 
Isotope exchange experiments can be carried out over a sufficiently 
time that chemical equilibrium exists between the gas phase and the specime 
thus measurements can be carried out as a function of the CO;/CO 
ie., the activity of oxygen in the melt. Since the isotope exchange 
reasonably be assumed (Wagner, 1970) to occur through the generalized ste 


HCO > COs + Ons (6. 


the measurements yield rates of dissociation of CO; as a function of 
activity of oxygen. 

Values of the first-order apparent rate constant, k,, were found to decrea 
with increasing values of pco,/pco, consistent with surface blockage | 
adsorbed oxygen interfering with the dissociation of CO2. In which case, 
apparent rate constant would be expected to take the form 


ka = ko(1 — 80) 


where 0o is the fractional coverage of the surface by oxygen. Assumin 
ideal Langmuir isotherm (6.11) holds for the adsorption of oxygen, 
becomes 


Taking the reciprocal of this expression and a standard state for 
Pco,/Pco = 1, this becomes 
ae + K3 pco, ( 
ka ko ko pco 
where K6 is the adsorption coefficient with respect to this particular 
state for oxygen. Data for two temperatures are shown plotted in acci 
with Equation 6.41 in Fig. 6.8. Also shown are values for the reciprocal 
rate constant for decarburization from Equation 6.36. There is thus cons 
among the experimental studies that the rate-limiting step in the reactior 


values of the slopes and intercepts in Fig. 6.8. Taking data for ot 
temperatures into account, Cramb and Belton (1981) derived the expressi 


2910 


T 0.47 
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Figure 6.8 Data for the interfacial apparent rate constants for decarburization 
by CO; and the dissociation of CO, for very high purity iron at two selected 
temperatures, plotted in accordance with Equation 6.41. Data of Cramb and 
Belton (1981) and Sain and Belton (1976). 


which, on converting to a standard state for oxygen of the 1 wt% ideal 
solution, became 

log Ki = UP —409 
At 1550°C, the value of K; © is about 140. This is in essential agreement with 
the value of 130 which was deduced from the recent surface tension studies 
through the Szyszkowski equation (6.17). 


(6.43) 


6.5.1.1. The effect of sulfur on rates of decarburization 


Sulfur has a profound effect in depressing the rate of decarburization of 
carbon-saturated liquid iron by CO; or H20. As little as 0.05 wt% S reduces 
the interfacial rate by more than an order of magnitude. Values of the apparent 
first-order rate constants for several temperatures, mainly from Sain and 
Belton (1978), are shown as a function of the reciprocal of the concentration of 
Sulfur in Fig. 6.9, for concentrations above about 0.03 wt%. 
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Figure 6.9 Apparent first-order rate constants for the decarburization 


carbon-saturated liquid iron by CO; versus the reciprocal of the sulfur co 
tration for wt% S > 0.03; mainly from the data of Sain and Belton (1978). 


20 2 30 


The data appear to be consistent with a linear dependence, but 
positive intercept, suggesting that a residual rate exists on a surface 
saturated with sulfur. A similar, but more marked, residual rate pl T 
has been observed for the retarding effect of sulfur on the free va] 
liquid iron by Grigoryan et al. (1973), and for the effect of oxygen on the 
vaporization of liquid copper and iron by Hayakawa et al. (1982). Clearly, | 
rate equation will be more complex than that represented by the general 
equation (6.6) with, possibly, an additional rate constant being requi 
account for a smaller but finite rate of reaction at covered sites or sites whic 
cannot be covered by sulfur. 

In the particular case of the decarburization kinetics, the residual 
about 1.4% of the bare surface rate given by Equation 6.36 independent € 
temperature. Accordingly, we may propose a semiempirical relationship 
the form 


ka = kof(1 — s) + 0.01485] (64 
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Figure 6.10 Apparent first-order rate constants for the decarburization of 
carbon-saturated iron by CO; as a function of sulfur concentration at three 
selected temperatures. The curves are calculated from Equations 6.36, 6.45, and 
6.46. Reproduced from Belton (1993), with permission. 


or 
ka = ko[(1 — 8s) + 0.014] 


On assuming a Langmuir adsorption isotherm for sulfur, Equation 6.44a 
becomes 


(6.44b) 


_ koll + 0.014KS as) 
ET 1-4 Kas 


Where ko is from Equation 6.36 and K$ is the adsorption coefficient for sulfur 
With respect to a standard state of 1 wt% S in carbon-saturated iron. The close 
fit with the apparent rate constants over a wide range of sulfur concentration 
and temperature is illustrated in Fig. 6.10, where the consistent values for K$ 
are given by 


ka (6.45) 
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tog Kj = 29 057 e. 


An equally good fit is found if the empirical Equation 6.44a is taken as th 
basis of the rate law. 

The activity coefficient of sulfur, ys, is a function of carbon concentratio 
and, according to Morris and Buehl (1950) and Ban-ya and Chipman (19 
the relationship takes the form 


ys = D{(C) - (CY'] (6.47) 


where D is a function of temperature only, (C) is the concentration of carbo 
in wt%, and (C)* is the concentration at saturation. Values of D vary fron 
about 0.39 at 1400°C to about 0.33 at 1600*C. 

If, as in the case for sulfur-free melts, the rate of dissociation of CO; is no 
separately a function of carbon content, the forward rate of decarburizatio 
should be given, via Equation 6.45, by the cumbersome expression 


1+0.01 (S)e"(C)-(C)} 
[pic Seer | 


where (S) is the concentration of sulfur in wt%. A slightly simpler form v 
result from Equation 6.44a. Thus the rate of decarburization of Fe-C-S melt 
at given concentrations of sulfur should increase with decreasing carbo 
concentration. This was observed by Sain and Belton (1978) and 

approximate integrated form of Equation 6.48 was found to describe th 
decarburization of melts containing 0.08 wt*?ó S at 1500°C from carbo 
saturation down to about 1 wt%. 


6.5.1.2. Decarburization by water vapor 


The interfacial rate of decarburization of liquid iron by water vapor by tl 
overall reaction 


H20 +C =H) + CO (6.4€ 


was first studied by Shinego et al. (1983). Sasaki and Belton (1986) derive 
approximate values of the rate constant from this work and concluded that th 
reaction was about one order of magnitude faster than that for decarburi 
by CO2. This led to work by Fruehan et al. (1992) and Nagasaka and Fruehat 
(1994b) which has established the empirical rate law and the effect of sulfur o 
the rates from about 1300 to 1600°C. 
The rate has been found to be first order with respect to the pressure © 
water vapor from about 0.002 to 0.3atm for carbon-saturated melts at fixe 
sulfur concentrations, thus 


v = ka PrO 


Interfaces and interfacial reactions 205 


6 
. 
x 187. 
e. 
x 4 LJ 
E 17 
E 
o 
"o 2 1673 
o 
E. 
x 
0 
0 5 10 15 20 25 
1/wt?eS 


Figure 6.11 Apparent first-order rate constants for the decarburization of 
carbon-saturated iron by H20 as a function of the reciprocal of the sulfur concen- 
tration, from the work of Nagasaka and Fruehan (1994b). 


As in the case of the CO; reaction, we may tentatively assume that the rate of 
dissociation of H20 on the surface of the liquid iron is the rate-limiting step 
with other steps, including those represented by Equations 6.32-6.34, at 
virtual equilibrium, i.e., 


H20 = H20ua) (6.51) 
H20(aa) > OH aa) + Haa) (6.52) 
OH (aa) = Olaa) + Haa) (6.53) 
2H aay = Hag) (6.54) 


Independence of the rate from the pressure of hydrogen has not yet been 
demonstrated, so step (6.53) cannot, in principle, be ruled out as rate limiting 
at this time. 

The effect of sulfur on the rate closely parallels the effect found for the CO 
reaction. Figure 6.11 shows the values of the apparent first-order rate 
Constants as a function of the reciprocal of the concentration of sulfur for 
three temperatures from the work of Nagasaka and Fruehan (1994b). Again, a 
Tesidual rate is observed and the authors deduced that this represented 
about 1.5% of the rate for sulfur-free melts, but with a small temperature 


206 G.R. Belton 


dependence. Thus the apparent rate constant could be represented b y 
expressions similar in form to Equations 6.44—6.45. 

The consistent expressions for kj and the residual rate constant k, 
mol cm ^?s ^! atm^! and the adsorption coefficient, Kg, were deduced to be 
given by 


log ko = TO +057 
log k = ~772° — 1.03 (6.56) 
log K$ =P +051 (6. 


"The rate constants for the H20 reaction are about one order of magnitud 
higher than those for the CO, reaction, almost independent of temperature. 

Nagasaka and Fruehan (1994b) demonstrated that the integrated form. 
the rate equation, essentially similar to Equation 6.48, closely described the 
decarburization of initially carbon-saturated iron containing 0.1 wt% S. 
1600°C down to about 0.2 wt?6 C, consistent with the expected four-fold 
increase in the rate. 2 


6.5.2. Nitrogen Reactions with Liquid Iron 
As noted in the Introduction, it was the work on nitrogen reactions during. 
period 1959-1963 that first established the effect of surface-active solutes © 
the interfacial rates of high-temperature reactions with liquid iron. 
may be made to papers by Battle and Pehlke (1986) and Ban-ya et al. (1988): 
an overview of the many studies which were carried out over the following t 
and a half decades. Studies have included the rates of absorption of nitroge 
the desorption at atmospheric and low pressure, and isotope exch 
between nitrogen molecules. For any given composition of the iron, 
weight of the evidence is that the interfacial reaction for the absorption i 
first order with respect to the pressure of nitrogen and that for desorptio ni 
second order with respect to the activity of dissolved nitrogen, as required b 
the principle of microscopic reversibility. Thus the rates of absorption 
desorption may be written as 


v= ka PN, 
and 
v = K (ax) 
with the relationship between the apparent rate constants being 
: hall, = Ky 
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where Ky is the equilibrium constant for the overall reaction 
Nag = 2N (6.61) 


We may assume that the rate of dissociation of adsorbed nitrogen on the 
surface is the rate-limiting step in the forward direction, i.e., 


Nag) = Nod) (6.62) 
Naaa) > 2Niaay (6.63) 
2Naa) = 2N (6.64) 


although it is not possible to rule out step (6.62) as rate limiting on the basis of 
the empirical rate law. 
Measurements of the rate of the isotope exchange reaction 


EN 20) 49 Nu = 22Na) (6.65) 


on the surface of liquid iron have been carried out by Byrne and Belton (1983), 
Glaws and Fruchan (1986), Tsukihashi and Fruehan (1987), Kobayashi et al. 
(1993), and Ono et al. (1995). Reference may be made to Byrne and Belton 
(1983) for a detailed derivation of the kinetic equations and for general 
experimental details. All the isotope exchange studies have found good 
agreement with the bulk of the results from the absorption and desorption 
studies when the compositions of the iron overlap. This is illustrated in Fig. 
6.12, adapted from Belton (1993), where values for the apparent first-order 
rate constant, ka, at 1600°C are shown as a function of the reciprocal of the 
sulfur concentration from absorption, desorption, and isotope exchange 
studies, This is consistent with the mechanism expressed in Equations 6.62- 
6.64 since the isotope exchange reaction (6.65) must involve the dissociation 
and reforming of the nitrogen molecule. 


6.5.2.1. The effect of sulfur and oxygen 


On the basis of their isotope exchange measurements on high-purity zone- 
refined iron, Byrne and Belton (1983) proposed that the forward rate constant 
for reaction at the bare surface, in units of mol cm 2s! atm !, is given by 
6340 

log ko = goes: 1.38 
If ideal Langmuir adsorption is assumed, the strong depression of the value of 
the apparent rate constant by sulfur at 1600°C, shown in Fig. 6.12, can 
therefore be described by the expression 


(6.66) 


dg at eat da m 
7714 1304; mol cm ? s^! atm. (6.67) 


if it is also assumed that any residual rate is negligibly small. 
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Figure 6.12 Apparent first-order rate constants for the absorption of ni 


into liquid iron at 1600°C as a function of the reciprocal of the sulfur concer 
tration. Reproduced in a modified form from Belton (1993), with permission. _ 


From a similar treatment of the data for rates of absorption of nitrogen it 
Fe-O alloys at 1600°C by Fruehan and Martonik (1980) and Inouye and 
(1968), the following expression was suggested: 

1.7 x 1075 DI 


ARI tm^! 6. 
14 220a5 mol cm ^ s~! ai ( 


The values of 220 and 130 for the adsorption coefficients of oxygen and 


with the 1 wt% solution as the standard state, are of the same order ol 


magnitude as those derived from the Szyszkowski analyses of the si 
tension data—Equations 6.15 and 6.17. 
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Sulfur and oxygen essentially always coexist in liquid steel, so the combined 
effect of these solutes is of practical interest. Ban-ya and colleagues (1988), 
from their analysis of all kinetic data available at that time, Proposed that the 
apparent rate constant for desorption at 1600°C could be closely decribed by 
the expression 


1 
er «A(; 3 300ao + Bis) (6.69) 


where fy is the Henrian activity coefficient of nitrogen. The consistent value 
of k was found to be 7.9 x 107? mol cm~?s~! which, through Equation 6.60 
and the value of the equilibrium constant (Pehlke and Elliott, 1960) gives a 
value of 1.6 x 1075molcm ?s-! atm! for Ro; in good accord with the value 
given by Equation 6.56. Recent studies by Wu et al. (1995) have shown a 
closer fit with a dependence on (1 + 220ao + 130as) and a slightly smaller 
value for the bare surface rate constant. 

Irrespective of minor differences in values for the adsorption coefficients, 
the observed dependence is consistent with the fraction of vacant sites being 
given by 


1 

TEX LS 1-- Ksas + Koao Fan 
It was noted in the earlier discussion of adsorption in ternary alloys that the 
data of Ogino et al. (1983) were consistent with coadsorption of O and S on 
liquid iron. Possibly, ideal competitive adsorption of the two solutes is 
approximated despite the large difference in saturation coverages and ionic 
sizes of the two species. 


6.5.2.2. The effects of other alloying elements 


The other strongly adsorbed group IVb elements, Se and Te, lower the 
rates of the nitrogen reactions by more than an order of magnitude more than 
do O and S at equivalent mass concentrations, and Wu et al. (1995) have 
recently shown that this is broadly in accord with the depression of the surface 
tension by these elements. The adsorption isotherm for Se, Equation 6.15b, is 
consistent with a value for the adsorption coefficient about one order of 
magnitude greater than those of O and S. 

It is to be expected that any alloying element which has a stronger affinity 
for nitrogen than does iron would change the energetics of the adsorption of 
the nitrogen molecule at the surface and, concomitantly, that of the activated 
complex. The value of Kj in the adsorption isotherm for the activated 
complex, Equation 6.5, would be expected to increase and, accordingly, the 
forward rate constant would also be expected to increase. For dilute solutions, 
it is possible that the kinetics should be treated in terms of parallel paths, i.e., 
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Figure 6.13 Effect of low concentrations of strong nitride-forming ele 
on the first-order rate constant for absorption of nitrogen in liquid iron í 
1600°C (after Ono et al., 1995). 


reaction occurring on sites with and without the alloying element in tl 
coordination shell. This has yet to be explored. 
Ono et al. (1995) have demonstrated that dilute solutions of the stro 
nitride-forming elements Ti, Zr, and V in pure liquid iron increase. 
forward rate constant, as shown schematically in Fig. 6.13. The effe 
chromium on the rate of adsorption was found to be weaker, with the r 
constant increasing by a factor of about 2 at 28 wt% Cr. For iron-chro 
alloys containing sulfur at known activity, Fruehan and Martonik (1981) 
Glaws and Fruehan (1986) found a very marked increase in the rate 
with chromium content—up to a factor of about 6 at 18 wt% Cr. It 
appear to be a case where the alloying element increases the bare r 
constant and lowers the adsorption coefficient of the interfering solute. — 
It has been demonstrated that carbon has no intrinsic effect on the | 
surface rate constant (Glaws and Fruehan, 1985; Tsukihashi and Frueh 
1987). Accordingly, the effect of carbon on the interfacial rates of desorpti 
would be through the effect of carbon on the activity coefficients of sulfur ar 
nitrogen and the rates would still be calculable via Equation 6.69. It is possib 
that in the more highly alloyed liquid steels, coadsorption and si 
compound formation phenomena would influence the rates, but this 
to be examined. 
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6.5.3. The Oxidation and Reduction of Iron Oxide Slags 


The interfacial rates of reaction of CO and CO, with liquid iron oxide and iron 
oxide-containing slags have been studied by measurements of the rate of 
reduction to metallic iron by CO under conditions where mass transfer 
restrictions were avoided (Nagasaka et al., 1986; Nagasaka, 1987; Fine et al., 
1985) and by the isotope exchange reaction, Equation 6.27 (Sasaki et al., 1984; 
El-Rahaiby et al., 1986; Sun et al., 1988). Reviews of these and associated 
studies have been given elsewhere (Belton, 1984, 1989). 

For a given overall composition and a constant activity of oxygen, approxi- 
mately established by iron saturation in the reduction experiments and 
explicitly by the CO5/CO ratio in the isotope exchange experiments, the 
rates were found to be first order with respect to the pressures of the gaseous 
species. In the isotope exchange experiments, the apparent rate constant was 
found to decrease with increasing activity of oxygen, expressed as the value of 
the CO5/CO ratio in equilibrium with melt. The apparent rate constant for a 
particular melt could be expressed as 


= hN ace 
vcn) s 
where ko is the value of the rate constant at unit activity of oxygen. The value 
of the exponent x was found to be close to unity in the cases of liquid iron 
oxide and the CaO- and SiO;-saturated binary melts, as is illustrated in Fig. 
6.14. For the equimolar calcium iron silicate at 1420°C and a calcium ferrite 
with Ca/Fe = 0.3 at 1300°C, the respective values of « were established to be 
about 0.75 and 0.79, respectively. Intermediate values were found for some 
ternary melts. 

Since the ratio of the values of the forward and reverse apparent first-order 
rate constants must be inversely proportional to the CO,/CO ratio that would 
be in equilibrium with the melt, it follows that the reverse rate constant is 
given by 


(6.71) 


K = koai” (6.72) 


The net rate of reaction of CO with the surface in atmospheres containing CO 
and CO, is therefore given by 


v = kolpcoag * — Pco;ao.] (6.73) 
9r, in the more familiar form, by 
v = koag "[Pco — (Pco)eq] (6.74) 


where (Pco)eq is the partial pressure of CO which would be in equilibrium 
With the melt and pco,. For those melts where a = 1, the rate constant for 
reduction will be independent of the oxygen activity of the melt. Very close 
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Figure 6.14 Apparent first-order rate constants for the dissociation of CO; o 
liquid iron oxide and some binary oxide melts as a function of the oxygen activ 
in the melt; data of Sasaki et al. (1984) and El-Rahaiby et al. (1986). Lines ar 
drawn with a slope of — I. b 


agreement is found between the rates of reduction calculated via 
6.74, using values of ko from the isotope studies, and those measured dire 
by Nagasaka et al. (1986) for liquid iron oxide and all the other melts v 
were common to both sets of studies. Similarly, rates of oxidation of 
calcium ferrite in CO?-CO mixtures at 1360°C, as a function of the 
oxygen in the melt, were found to be in close accord with rates from i: 
exchange studies (Sun et al., 1988). 
"The strong depression of the rate with increasing activity of oxygen cann 
be attributed to the blockage of the surface by oxygen ions or ferric ions 
as pointed out in the discussion of the surface tensions of molten oxides an 
slags, the available evidence shows that there is probably a negligibly sn 
segregation of oxygen ions to the surface of liquid iron oxide and a fairly 
segregation in the case of the liquid calcium ferrites. 
Recognizing that the transfer of oxygen from the CO, molecule to tht 
molten oxide must also include the transfer of a fairly well-defined charge, 
may propose that the dissociation of the adsorbed unstable ionic species CO; 
is the rate-determining step. Accordingly, the steps may be represented by 
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CO = CO) (6.75) 
CO» + 2e- = COZ (6.76a) 
CO$,4 — Ota + COn (6.77) 

OC =o (6.78) 
CO (aa = CO (6.79) 


For iron oxide-containing melts, the ferric-ferrous redox couple would be 
expected to establish the chemical potential of the electrons in the virtual 
equilibrium, Equation 6.76. Accordingly, we may write 


2Fe* 4+ COou4, = CO d.a; + 2Fe?* 


The forward rate for the reaction of CO; with the melt would then take the 


form 
-2 
en (e) | 


where kô is a rational rate constant for this model. The quantity in square 
brackets is the apparent first-order rate constant, &,. A plot of log ką versus the 
logarithm of the Fe?* Fe?" ratio, rather than the activity of oxygen, should 
give a staight line of slope —2. This is shown to be closely followed in Fig. 
6.15, taken from Belton (1989), for the melts for which data are available. 

This rational rate law is not as practically useful as those represented in 
Equations 6.71-6.74, but it does provide a basis for understanding differences 
in rate constants between different melts. The basicity of a melt is a measure of 
the propensity of the melt to transfer charge. Accordingly, the values of the 
rate constants for different melts might be expected to increase with increas- 
ing basicities. A close correlation between values of ko at 1520°C and the CaO/ 
SiO; ratio for calcium iron silicates was found by El-Rahaiby et al. (1986), and 
by Nagasaka and coworkers (1986, 1987) for the apparent rate constant for 
reduction, k4, at 1400°C and iron-saturation for a wide range of binary and 
ternary melts of CaO, SiOz Al,O3, TiO2, and MnO with iron oxide. The 
measure of basicity was taken as the value of the Fe**/Fe?* ratio at iron 
saturation. This correlation is shown in Fig. 6.16, where the apparent rate 
constant is expressed in practical units. 

The correlations suggest that the surface constitution is playing only a 
minor role in influencing the kinetics, in keeping with the relatively small 
effects of most slag components on the surface tension of liquid iron oxide, as 
discussed earlier. The exception appears to be the solute P205, which shows a 
depression by a factor of about 2 below the correlation value for an iron oxide- 
rich calcium iron silicate containing 4 mol% P,O; (Nagasaka et al., 1989), Sun 


(6.76b) 


(6.80) 


214 G.R. Belton 


FeO-CaO 
Fe/Ca = 3.3 


1300°C es 
FeO-CaO-SiO; >) 


equimolar 1420C 


-1.0 -0.5 0 
log Fe"/Fe?^* 


Figure 6.15 Apparent first-order rate constant for the dissociation of CO; c 
iron oxide-containing melts as a function of the Fe"* /Fe^* ratio in the melt, 
Belton (1989). Lines are drawn with a slope of — 2. 


0.5 


(1988) has shown that the addition of a similar amount of P20; to liquid in 
oxide lowers the apparent rate constant by a factor of about 2.5. It was 
earlier that P20; could be described as reasonably strongly surface 
liquid iron oxide and that a Szyszkowski analysis, Equation 6.27, gave a valu 
for the adsorption coefficient of about unity. This suggests that the surfz 
would have a significant coverage, possibly about 80%, by phosphate 
4mol% P205. 

P20; is the least basic of the common component oxides of slag s; 
i.e., it has the lowest optical basicity and highest electron density (Nal 
et al., 1986). Possibly, the depression of the rate contant should be attribut 
to the segregation changing the surface potential or space charge 
rather than in terms of a simple site blockage model. It has been shown 


measurements available for the typical magnitudes of surface 

changes in high-temperature melts which would help clarify this. 
All of the above observations and analysis are based on melts containin 

more than about 5 or 10 mol% iron oxide. At lower concentrations, the 
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Figure 6.16 Correlation of the apparent rate constants for reduction by CO 
at iron-saturation of a wide range of binary and ternary melts of iron oxide with 
CaO, SiO; Al;O;, TiO2, MnO, and P;O; with the value of the Fe?*/Fe?* ratio at 
iron saturation (after Nagasaka et al., 1989). 


constants show a more complex behavior (Sun, 1989). The results of these 
studies have not yet been published in detail. 

The very limited amount of work which has been carried out on the 
reactions of H5O with SiO;-saturated iron oxide melts has shown that the 
dependence of the apparent first-order rate constant on do is very similar to 
that observed in the CO; reaction, but with an order of magnitude increase in 
value of the rate constants (Glaws and Belton, 1990). 
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This chapter bridges the gap between Chapter 4 where the basic science of 
chemical kinetics is introduced and chapters on ironmaking and steelmaking. 
Owing to space limitations, only two types of reactions, i.e., iron oxide 
reduction and oxidation of liquid iron alloys, will be discussed. For extensive 
reviews, readers are referred to books by Darken and Gurry (1953), Strass- 
burger (1969), Von Bagdandy and Engell (1971), Deo and Boom (1993). 


7.4. FUNDAMENTALS 


In the steel industry, there are two important chemical processing steps. The 
winning of metal from its oxide ore under reducing conditions is done in a 
blast furnace with carbon as the reducing agent as well as fuel. The refining of 
impure iron to the desired chemical composition under oxidizing conditions is 
done in a converter with the second condensed phase (slag) as the sink of 
impurities, e.g., sulfur and phosphorus. The overall chemical reaction of 
beu reduction and phosphorus removal as examples may be written as 
follows: 


Fe,0;(s) + 3C(s) + 2Fe(s) + 3CO(g) (7.1) 
2[P] mera + [Olei + 3(CaO)stag > (Ca3(PO4)2)siag (7.2) 


Chemical Equations 7.1 and 7.2 are informative for the overall stoichiometry 
and useful for some thermodynamic computations. 
There is no significant solubility of carbon in hematite and vice versa, 
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therefore, for Equation 7.1, hematite and carbon must exist as separate gi 
no matter how finely they have been ground. There is a solid reaction produ 
iron, in between. Hematite and carbon react initially at the point of contact, 4 
the reaction proceeds in this manner, the solid product iron separates so 
reactants and terminates the reaction because the atoms in the carbon. 
can no longer reach out to grab the oxygen ions in hematite. Of course, c: 
can dissolve in iron and diffuse in iron to reach hematite; however, there is 
space to discuss this special case. Industrial practice and laboratory inve: 
tions support the mechanism that solid hematite and its suboxides, 
and wustite, are reduced by reducing gas in the blast furnaces. Reaction 7, 
may be replaced by two gas-solid reactions: 

Fe,03(s) + 3CO(g) > 2Fe(s)  3COs(g) 
and the regeneration of reducing gas at higher temperatures for contin 
of the reaction by the following: 

3C(s) + 3COs(g) + 6CO(g) 

"The sum of (7.1a) and (7.1b) equals (7.1). 
As the density of the solid product is more than twice that of the solid 
(hematite), metallic iron formed is quite porous (known as sponge iron) 
pores are connected and easy for gaseous diffusion. When molecules of cai o 
monoxide reach phase boundaries between iron and iron oxide behind 


sponge iron layer, there is always oxide surface uncovered by iron to 
CO. The activated complex (see Chapter 4) is in the adsorbed state. 


7.1.1. Reaction Zone 

In a homogeneous system, all reactants and products are in the same ph 
and reaction may take place anywhere in the system. Within this phase, th e 
is no restriction for reactants to meet and for the newly formed products | 
survive. On the contrary, there is no single phase in the heterogeneous 
that can accommodate all chemical species involved in the reaction. F 
example, hematite in (7.1a) and carbon in (7.1b) cannot dissolve ge 
therefore, gaseous and solid reactants meet to form the activated co pl 
only at the gas-solid interface or simply on the surface of the solid. 
comparison with the homogeneous system, the location where 
reaction may take place in a gas-solid system is severely restricted. A 
restriction applies for reaction 7.2. Atoms of phosphorus and oxygen in liq 
iron can only meet lime at the slag-metal interface to form phosphate, w 
itself can only survive in the slag phase. It is clear that reaction 7.2 can i 
initiate and complete in a region accessible to both metal and slag phases, 
interfacial region or the reaction zone. 
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For homogeneous reactions, the three-dimensional reaction zone is every- 
where within the phase. For a heterogeneous reaction involving two phases 
simultaneously, the reaction zone is two-dimensional and the reaction rate has 
the unit of the number of moles per unit area of interface per unit of time. If 
one wishes to assign a thickness to the reaction zone at the reacting interface, it 
should be comparable to the size of the activated complex that forms and 
decomposes in this region. 

In order to carry out this concept a little further, one may consider that the 
reaction zone in a heterogeneous system involving three phases simulta- 
neously is in the form of a line. This one-dimensional reaction zone may be 
considered to have a cross-sectional area comparable to the size of the 
activated complex. The unit of the reaction rate should be in the number of 
moles per unit length of reaction zone per unit of time. Reaction 7.1a is a 
three-phase reaction. Its equivalent in the slag-metal system is the reduction 
of reducible oxides in slag by dissolved carbon in liquid iron, e.g. 


(SiO ua + 2 [Clmetat > [Si] eui + 2 CO(g) 


For this reaction to proceed as written above necessitates the presence of a gas 
bubble at slag-metal interface. The reaction zone is the ring where the bubble 
pierces the slag-metal interface. In principle, three-phase reactions can take 
place as illustrated in the aforementioned examples. However, the total 
number of sites where activated complexes could form in a one-dimensional 
reaction zone would be negligibly smaller in comparison with the two- and 
three-dimensional cases in the same system. Reactions 7.1a and 7.3 may 
proceed by an alternative path of two steps in series with each following a two- 
phase mechanism. 


(7.3) 


7.4.1. Gradients 
A homogeneous system that is uniform in all concentrations and in tempera- 
ture before the homogeneous chemical reaction starts will remain spatially 
uniform even though the concentration and temperature will change with 
time as the reaction proceeds. That is to say, there will be no gradients of 
Concentrations and temperature created in an initially uniform homogeneous 
Teacting system. In the heterogeneous system the situation is rather different. 
The differences in concentrations and temperature between the reaction 
zone and bulk phases are created and maintained by interfacial reactions. 
Concentration and temperature gradients induce fluxes of mass and heat to 
and from the reaction zone. One difference between (7.1a) and (7.1b) is that 
the solid reactant in (71a) could have a range of nonstoichiometry. The 
removal of each oxygen atom from hematite by the reducing gas will convert 
‘wo ferric ions to the ferrous form. Interfacial reactions will induce concen- 
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tration gradients, resulting in diffusive fluxes of ions in hematite. 
diffusion process will enlarge the region in which the change in compositio 
is tolerated until the nucleation of magnetite phase takes place. It should 
pointed out that the stripping off of oxygen atoms from hematite takes place 
the gas-solid interface and the growth of magnetite at solid-solid in c 
These two two-phase heterogeneous reactions have different reaction c 
even though they are at the same locality. Reaction (7.1a) may be rewritten. 
the following three consecutive pairs of two-phase heterogeneous reactions. 


FeO(s) + CO(g) + Fe(s) + CO.(g) (7.6) 


In the reaction zone, there are wustite, iron, and gaseous mixtures of CO and 
CO». For the continuation of the interfacial reaction, reactants must be 
supplied to and products removed from the reaction zone by transport 
processes. The instantaneous concentration of carbon monoxide in the 
reaction zone of (7.6a) is determined by the rate of its consumption at the 
interface and the rate of supply by diffusion across the sponge iron layer from 
the main gas stream and the volume of the reaction zone. It is also true, but in 


At the gas-solid interface: l the opposite direction, for carbon dioxide. The temperature at the reaction 
3Fez0;(s) + CO(g) + H/M(s) + COs(g) (7. zone is also determined by the rates of supply and consumption of heat in this 
" en y region. It cannot be overemphasized that the rate equation for the interfacial 
and at the solid-solid interface: reaction derived from the Absolute Rate Theory must be expressed in 
H/M(s) ^ M(s). [e concentrations and the temperature of the reaction zone, not that of bulk 
phases. 
At the gas-solid interface: 
* * 2 
TISOTO)NPGON Sr (n COGOR! Kk 7.1.4. Moving Interface and Quasisteady State 
and at the solid-solid interface: 
M/W(s) ^ W(s) as In the category of heterogeneous chemical reactions, the literature on catalysis 
^ " occupies almost all the space in a typical library. In catalysis, under well- 
At the gas-solid interface: controlled conditions, interfacial reactions may reach a steady state, i.e., 
2 é constant concentrations and temperature in the reaction zone, to result in a 
FeO(s) +, CO() > W/Fe(s) +, COs (8) e rate of reaction which is non-zero and independent of time. For the case of 
and at the solid-solid interface: iron oxide reduction, the solid reactant is being consumed and the interface is 


receding from the incoming flux of carbon monoxide. The total area of 
interface decreases and distance of diffusion for gases increases with time. In 
principle, there will be no steady state even if all conditions outside of the 
sphere are kept constant. 

If there were an approximate steady state in the reaction zone, within a 
Short period of time the following relation would exist for the forward reaction 
of (7.62) per unit area of interfacial reaction zone and per unit of time, in 
number of moles: 


W/Fe(s) + Fe(s). (7.6b 
where H, M, W, and Fe stand for hematite, magnetite, wustite, and iron 


of ions close to that of magnetite. Similar meanings apply for M/W and W, Fe 
The morphology of the product phase varies. At higher temperatures th 
ease of nucleation will result in uniform coverage of the product layer an 


topochemical reduction. When nucleation is difficult at lower temperatur e 
an uneven growth of the solid product will result in inward growth 0 
magnetite and outward growth of iron whisker. J 


Rate of supply of carbon monoxide by diffusion = — rate consumption of 
carbon monoxide = Rco(r) (7.72) 


Rate of generation of carbon dioxide — — rate of removal of carbon dioxide by 


7.1.3. Temperature and Concentrations in the Reacti 1 diffusion = Reo (r) (7.7) 
Zone Rate of generation of metallic iron = —rate of reduction of Wustite = Rye(t) 
(7-7c) 


The gas-solid reaction (7.62) will be used as an example for this part of th 
discussion. The sum of (7.62) and (7.6b) gives the usual form of wusi 
reduction: 


In comparison with volumes of neighboring bulk phases, the interfacial 
reaction zone is negligibly small. Therefore, the cumulative term for mass 
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balance in the reaction zone is ignored, and the stoichiometry of (7.6) gives the 
following equalities: 


Rco(t) = Rco(t) = Rre(t) = function of time (I 


Equation 7.7d shows the coupling between chemical reaction and transpo 
Process for each reacting species. It is the most important relation linki 
interfacial quantities which are needed for interfacial kinetics and those 


i) n ) 
Flux of CO; from the reaction zone — —Dco, ICo;]? - [Co;^ 
x (7.9b) 
=-Rco, 


Following the gaseous reactant, in the reaction path, there are three steps in 
the series, i.e., the transport of CO to the reaction zone (7.9a); the conversion 
of CO to CO; (7.8a); and the transport of CO, from the reaction zone (7.9b). 
Fi T E Another simultaneous but parallel step is the removal of heat released in the 
bulk phases. Equation 7.7d may be called the quasisteady state. For consu i a id pt : H 
able solid reactants in which the interface is receding, the steady state does n reaction zone by conduction through solid pi and convection with flowing 
x ; gases. 
existi * Applying the quasisteady state condition (7.7d), two unknowns, [CO]? and 
[CO;]9, may be eliminated in the above three equations to result in the 


7.1.5. The Replacement of Interfacial Quantities follovingibcue 


. ACO} — F[CO; 


In this section, a simple rate equation is derived for (7.6) as an example. Rre = Reo = Reo; eS San (7.10) 
simplest rate expression one may assume is first order with respect to e: 1+ Deo * Deo 
s 


species involved. The rate expression of (7.6), which we write R(7.6), in th 
reaction zone may be written as follows: 


R(7.6) = ks [CO]Q, — LSC, 


where [ ]? are concentrations at the interface or in the reaction zone 
example, [S]. sive 18 the concentration of reactive sites for adsorption € 
wustite, which may be altered by dissolved impurities such as CaO 
temperature; kr and k, are rate constants which are functions of tem] re 

The rate expression shown in (7.8) may be reasonable but practically usele: 
because even if we accept the assumed functional form, all concentrations. 
the reaction zone are unknown values. Experimental techniques for tl 
measurement of concentrations and temperature in the reaction zone are } 
to be developed. In order to minimize the number of unknowns to 
evaluated from experimental data, (7.8) may be rewritten as follows: 


R(7.6) = ACO}, - KICO, pay (74 A steelmaking slag, which contains cations (in number of moles), nca:-, "sic; 

NMni= MiRe, Rap- and anions no:- ns:-, reacts with liquid iron solution which 
Contains npe, no, ns; nsi; "Mas NA nca. The basic reaction at the slag-metal 
interface is the conversion between an atom and an ion, an electrodic reaction. 
For example, 


The relatively simple expression shown in (7.10) is the direct consequence of 
the linear dependence of gaseous concentrations in (7.82), (7.92), and (7.9b). 
Through the assumed mass transport equations and quasisteady state condi- 
tion, unknown interfacial concentrations in (7.82) are replaced by correspond- 
ing values of bulk phases as shown in Equation 7.10. The denominator 
represents the sum of resistances of each of these three steps to the overall 
reaction. It should be pointed out that this approach is valid only for the 
isothermal system, otherwise equations for heat generation (consumption) 
and heat transport must be included in our attempt to replace interfacial 
Properties by corresponding values in the bulk phases. 


7.1.6. Slag-Metal Reactions 


where k = &dS] sie and K = k,[S]®,,; k and K are products of specific m 
and solid reactivity. 

For simplicity, the interface is assumed to be flat and the gradients € 
carbon oxides to be constant across the sponge iron layer of thickness. 


Therefore, [Sila = (Sif Jaag + 4 [67 ]meral (7.112) 
ico} - [CO] [O]merat + 2 [e^ Jimera 2 (O7 7.11) 
Flux of CO to the reaction zone — spp EO IGOR e i Diag M ) 
k where e~ stands for an electron. Electrical neutrality of the slag may be 
=Rco expressed as follows: 
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Yno-0 (7.12) 


where i — 1, 2, 3, ... for all ions in the slag, z; ^ charge for ith io 
w; = reaction rate for ith reaction. For the case that there is only one elemen 
across the interface, the neutrality condition of (7.12) will be violated. 

In order to maintain electrical neutrality in slag, the minimum number € 
elements to react simultaneously at the slag-metal interface is two. Th 
simultaneous reactions are usually written as the formation and dissolution, 
neutral compounds, e.g., 


[Silent + 2 [Ometa = (SiO aa ax 
and displacement reactions 
[Silinen + 2 (Fe? "Jing 2 [Felacui + (Si* sing (7.13b 


One way to avoid the difficulty due to the unknown value of int 
concentrations is to assume that the equilibrium of the slag-metal reactio 
under consideration is reached. Then, the interfacial concentration may | 
calculated from the equilibrium constant for a reaction similar to (7.13) a 
other necessary assumptions. Therefore, kinetic data may be analyzed as 
mass transfer-limited system. E 


7.1.7. Multiplicity of Interfacial Reactions 


The discussion begins with a situation where there is a slag-metal sy 
under an equilibrium condition. The solvent iron dissolves Si, Mn, A 


chemical elements to cross the slag-metal interface as well. The 
interface may be illustrated in the following manner. 
First, a numbe: n atoms, through their own ttiotmodynarn 
force, become silico; at the interface and enter the slag, with electrons 
behind in the metal. The consequence of silicon transfer is that th 
becomes positively charged and the metal becomes negatively cim 
electrochemical potential of cations in the slag increases, while that ofan 
decreases. The thermodynamic driving force for silicon transfer reapp 
partly in the form of an electric field, centered in the reaction zone, 
drives cations to the metal phase and dissolved oxygen and sulfur t 
anions. The overall reaction will lead to a new equilibrium state and 
electrical neutrality in the slag. 
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A stoichiometric equation representing interfacial reactions may be given as 
follows: 


Asif Si}metat + %0[O]merar + ts[S]memi + tmn (Mn? * stag 

+ dpe (Be? Juag + XA (AP * Jaag + acs(Ca^  )uag — aS SI )uag 

+ ao(07 stag + as (S^ ug + tun [ MB] mecat + are Fe]meut 

+ Ai Al]meut + %calCa]merat 
where the a are stoichiometric coefficients. The values of this set of coefficients 
depend on the initial state of the system and should be functions of time to 
maintain neutrality in the slag. Without drastic assumptions for the simplifi- 
cation of (7.14) to a reaction involving only two chemical elements, the 
calculation of the equilibrium state at an interface would be extremely difficult 
based on the current formulism. 


(7.14) 


7.2. GAS-METAL DROPLET REACTIONS 


Significant advances in fundamental studies of oxygen steelmaking reactions 
were made in the 1960s as the result of two events, the development of the 
Spray Refining Process by the British Iron and Steel Research Association, 
and the use of the levitation technique by Professor A.E. Jenkins. In spray 
steelmaking, droplets of blast furnace hot metal fall through oxidizing gas 
countercurrently to achieve very fast processing because of large gas-liquid 
interfacial area. The levitated metal drop, which is stationary in a gas stream 
of known flow properties, and free from refractory contamination, provides 
excellent experimental conditions for the study of interfacial reactions. The 
simplification of the system is that the rate of mass transfer can be calculated 
and the metal in the droplet is well stirred. In comparison with the steelmaking 
operation, there are two major differences: (i) the main gas stream is at room 
temperature, not at the steelmaking temperature, and (ii) the relative velocity 
between the gas and liquid metal is much lower in a levitation apparatus. 


7.11. Oxidation of Liquid Iron 

Distin and Whiteway (1970) investigated the kinetics of oxidation of the 
levitated iron droplets by He-O2 mixtures at about 1750°C for a duration of 
Several hundreds of seconds. It has been found that the ratio of the fraction of 
Oxygen dissolved in the droplet to that terminated in the fume depends on the 
Composition and flow rate of the oxidizing gas. No uptake of oxygen could be 
detected in droplets levitated for 600 seconds in a gas with Po, of 
5 x 107? atm. It should be pointed out that the partial pressure of oxygen in 
*Quilibrium with oxygen-saturated iron is only about 10~7 atm. at 1750°C. 
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These observations confirm the mechanism of fume formation (Turkdogan 
al., 1963) and the role played by the flux of iron vapor in the oxidation of ir 
In Fe-Mn alloys, the vaporization of manganese is usually much m T 
noticeable than that of iron. ` 


7.2.2. Oxidation of Fe-C Droplets 


Baker et al. (1964, 1967) studied the rate of decarburization of Fe-C 
(up to 5.5 wt%C) at 1660°C by CO; and O; . When CO; was used 
oxidizing gas, from 1% to 100% of CO; in CO;-CO and CO;-He 
Baker et al. (1964) found that the rate of decarburization was ind 
carbon concentration in the melt (i.e., reaction time) and was slightly 
by the total pressure. Experimental results may be interpreted on the basis; 
diffusion model. The rate equation for steady-state diffusion in a binary 
system consisting of A and B molecules is 


dc, 
Mm Das Ge +(Na +a) Pa 


gradient of A (mol cm 5), pa is the partial pressure of A and P is the t 
pressure. After integration of (7.15), Ranz and Marshall’s correlation 


boundary layer were evaluated at the film temperature, the arithmetic m 
temperatures of the droplet and the incoming gas. Baker et al. (1967) 
that there are two kinetic regions of constant rate of decarburization 
by a period of instability when CO; is used as the oxidant at 1.0 and 0. 
total pressure. In the first regime where carbon content drops from 5.5 
less than 1%, the constant rate of decarburization reflects the steady 
mass transfer in the gaseous phase. At the onset of the instability, the lev 
droplet dilates and ejects materials and, in certain cases, hits the wall 
tube. This is a sign of the internal generation and release of gas bubbles. T 
end of the period of instability coincides with the appearance of bright spo 
probably iron oxide on the surface of the droplet. The results are summariz 
in Table 7.1. 

Belton and coworkers studied the interfacial reaction by blowi 
oxidizing gas, above rate-limiting flow rates, onto the surface of iron. 
see Chapter 4. s 

Baker et al. (1967) used oxygen at 1%, 10% and 100% in O;-He mixtu 
and linear velocities of 12.5 and 62.5 cm s^! flow rates. Graphite spheres 
used for comparison with Fe-C droplets of the rate of decarburization 
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Table 7.l. The rate of decarburization in CO; for the two approximately 
constant-rate regions 


p=latm p =0.l atm 
Constant rate region (s) 0-19 28-40 0-20 40-60 
(g-atom cm ^ s^!) x 10° 132 8 114 2 
mgcm ?s^' 1.58 — 0.10 1.39 040 
Gas-analysis results 
Percent CO 79 0.58 6.4 0.15 
(mol CO cm 7?!) x 108 270 20 217 50 
Weight loss (mg cm ?^s- !) 2.0 17 «0.05 


Source: Baker et al. (1967) 


On the other hand, each molecule of CO; only oxidizes one carbon atom to 
CO. Taking into consideration the differences in properties of these two 
oxidants, the calculated rate of decarburization by oxygen under the same 
conditions should be 2.5 times that of CO;, and this was confirmed experi- 
mentally by Baker et al. (1967) in the gaseous diffusion-limited regime. With a 
10% oxygen-He mixture, flowing at 62.5cms ', the combustion rate of 
graphite spheres at 1660°C was (90 + 5) x 1075 g-atom Ccm~*s~', For an 
Fe-C droplet under the same conditions, the rate was 76 x 10~°g- 


atomem~?s~!. 


7.2.3. Oxidation of Fe-Si Droplets 


Sano and Matsushita (1971) used the levitation technique for kinetic studies of 
desiliconization by CO;-He and O;-He mixtures. Silicon content in the 
binary alloy was in the range from 0.15 to 10.60 wt% and the temperature 
Was controlled in the range from 1550 to 1800°C. There are three types of 
reaction products—SiO gas, iron silicate melt, and solid silica. At 1550°C with 
à variety of oxidizing gas mixtures, the total amount of silicon removal in these 
€xperiments with initial values in the range from 1.2% to 1.6% shows a linear 
relationship with the square root of reaction time. Data were explained in 
terms of the diffusion of oxygen ions in the iron silicate melt, which was 
observed in all runs in this series. When the temperature was raised to 1700°C, 
keeping other conditions unchanged, considerable fuming was observed close 
to the droplet surface, being accompanied by greyish brown deposits on the 
Wall of the reaction tube, while the surface was free of any condensed oxide 
Phases. The deposit was found to be solid SiO with a small amount of FeO. 
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(b) Effect of initial silicon content 
Pco, 0.0264atm 


fi (moles/cm?sec) x 109 
> 


LN. TE) 
Initial Si (96) 


10 12 


Figure 7.1 Rate of reaction of desiliconization at 1700*C as functions of ini 
concentration of silicon and partial pressure of CO; at a total flow rate 
500 ml min ^ ' (Sano and Matsushita, 1971). 


The silicon contents of the droplets changed linearly with time 
surface was covered with liquid iron silicate. The compositional dep 
the reaction rate is clearly shown in Fig. 7.1. The initial reaction rates in. 
figure are values for the first minute of reaction. This behavior is similar 
of decarburization, where mass transport of oxidizing gas is rai 
The rate of desiliconization was far greater than at lower temperatures, ' 
rate-limiting step is diffusion in oxide melt. When solid silica formed, the 
of desiliconization became too small to be accurately measured. 

Studies of the kinetics of oxidation of falling droplets of iron alloys | 
been reported by Baker (1967), Baker and Ward (1967), Vig and Lu (i 
and Hamielec et al. (1968). Owing to their complexity, experimental 
with a jet in a crucible will not be reviewed here. 


7.3. KINETICS OF IRON ORE REDUCTION 


For solid-state reduction of iron ore, there are four porous and impure sol 
phases with changing pore structures due to sintering at high temperatu 
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Three reaction zones (H-M, M-W, and W-Fe interfaces) are separated by 
two intermediate oxides with a wide range of nonstoichiometry. Inside a blast 
furnace, the temperature of reaction increases as the raw materials descend 
downward, and there are two reducing gases (CO and H3). For this five-phase 
reacting system and for each reducing gas, in order to characterize its kinetic 
behavior, many kinetic parameters must be evaluated: the forward and back- 
ward rate constants for each interfacial reactions and for each solid phase 
porosity, tortuosity, effective thermal conductivity, solid-state diffusivities for 
densification, etc. A further complication is that values of temperature- 
dependent kinetic parameters evaluated from experimental data vary with 
impurity contents. There is no problem in building comprehensive mathe- 
matical models to describe this complicated system. The difficulty is in 
experimentation to generate data of adequate sophistication so that 
mechanism can be studied and parameters evaluated. There are two direct 
consequences: (i) researchers have to simplify the system (e.g., using chemical 
reagent grade hematite instead of natural ore and conducting experiments 
under isothermal conditions) for fundamental laboratory studies, and 
(ii) engineers have to test the reducibility of their iron ore agglomerates in all 
modern steel plants. 


7. 


- Solid-state Reduction 


Joseph (1936) reported that ore properties (porosity, size, and shape) and 
temperature are important factors in the kinetics of iron ore reduction. In 
comparative studies of reducibility of different ores he used 14.3-mm cubes 
cut from lumps and the progress of reduction was monitored by measuring the 
amount of water vapor and carbon dioxide formed. The time required for 
90% reduction was used as the index for reducibility. Tenenbaum and Joseph 
(1939, 1940) showed that kinetics depends on solid properties (porosity), gas 
Properties (concentration), and temperature when other experimental condi- 
tons are kept constant. Their results with the use of hydrogen at lower 
temperatures are shown in Table 7.2. Their work was invaluable in guiding 
the development of modern blast furnace ironmaking. 

In the interpretation of their data, a pseudohomogeneous rate expression 
Was used even though reduction at the wustite-iron interface was suggested as 
the slow step. 

The next milestone in the kinetic study of iron oxide reduction was the work 
of McKewan (1958, 1960). The heterogeneous nature of the system was 
Tecognized. In the late 1950s, after the commercialization of iron ore pellets, 
Tesearch scientists saw the various advantages of the use of artificial spheres as 
Specimens. Spheres are of simple geometry for mathematical treatment. 
Pecimens with more reproducible properties in terms of impurity contents, 
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Table 7.2 Effect of doubling pressure on time of reduction by hydrog, 


Series Average Temperature Minutes required for 90% reduction 

porosity,?6 decrease (°C) - 

latm 2atm Decrease Percen 

intime —— decrea 

i 3 800 26 16 10 39 
2 19 800 518 305 21.3 4 

3 32 600 111.0 82.5 28.5 5 
4 29 700 425 345 8.0 19 


Source: Tenenbaum and Joseph (1939) 


porosity, and size can be prepared. The availability of continuous el 
balances also contributed to the improvement in kinetic measurements, ] >: 
obtained around 1960 were ready for more sophisticated mathet 
analysis than that of Tenenbaum and Joseph two decades earlier. E 

Based on data in the literature, McKewan (1958) proposed that the re: 
rate of iron oxide reduction is proportional to the area of reacting inte 
which is assumed to be topochemical. He has also substantiated his tl 
with his own results on low-temperature magnetite reduction by hydro 
(McKewan, 1960). An implication of McKewan's theory is that the interfa 
concentrations of reacting gases do not change significantly as the inter! 
recedes toward the center. D 

Using spheres and bars prepared by oxidation of electrolytic | 
produce iron oxide specimens of a porosity of 31%, Kawasaki et al. 
carried out reduction experiments and proposed a gaseous 
controlled model. They assumed that the interfacial reaction is es 
under equilibrium conditions and found that the model had d 
fitting the data of shorter reaction times. 

Both experimental and theoretical results at that time made it obvious 
the interfacial concentrations should be influenced by mass transfer re: 
and should vary with time. Lu (1963) proposed the mixed control mode! 
on the existence of a quasisteady state with McKewan's model and tl 
Kawasaki et al. as the limiting cases. He substantiates his own theo 
results from artificial specimens and one-dimensional natural ore by U: 
ceramic coatings in later publications (Lu and Bitsianes, 1966, 1968) 
theory was improved by Seth and Ross (1965) and by St. Clare (1965). Spi 
et al. (1966) articulated theoretical development up to that time and m 
clear that it would be straightforward to extend the modeling to a tl 
interface system. They assumed linear equations with respect to 


T 
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concentrations for all steps, quasisteady states and isothermal conditions as all 
other authors did. The results of Spitzer et al. (1966) are summarized below. 

Five kinetic steps are considered, namely, mass transfer of reductant across 
the boundary layer outside the spherical specimen (7.16a); diffusion of 
reductant across the porous product layer (7.16b); interfacial reaction 
(7.16c); diffusion of gaseous product across the solid product layer (7.16d); 
and mass transfer of gaseous product across the boundary layer (7.16e). 


(E rao = -o (7-16a) 
(& : 11) 40) =P. -p (7.16b) 
(FE gta) i) = 0-28 (7.16c) 
(4 ga) j=% (7.16d) 
(Go da) = (7.16e) 


where the specimen has a radius yo initially, and the unreacted core at time t 
has radius yj. DĘ®, kj, kms and Ke are the effective diffusitivity of gas A, 
forward rate constant of interfacial reaction, mass transfer coeffficient, and 
equilibrium constant, respectivey. Gaseous concentrations are expressed in 
PIRT. pX’, pi? and p are partialpressures of A at the main gas stream, on the 
Surface of the sphere, and at the interface, respectively. ño stands for the rate 
of removal of oxygen from the slid oxide to be reduced in gram-atoms per 
unit time, 

Upon algebraic addition of these equations, the interface and surface 
concentration terms cancel out, yielding an Ohm’s law type of relation for 
the rate of reaction with the driving force expressed in terms of known bulk- 
Phase concentrations: 


b ninapa sil J = 1] 5$ 
ETT NIE gr [s K oe 
Where 
_ Kekmiajkm) 
def aa (7.172) 
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KD DS? 
KDE + Dx 


Viewing the overall reaction rate as the rate of removal of oxygen, the t 
resistance to the overall reaction is expressed by the left-hand factor of (7.1 
whose terms may be identified respectively as the gas-film, shell-layer, 
interface resistances. Equation 7.17 may be integrated for ready compari: 
with experimental data (Spitzer et al., 1966). Mass transfer coefficients may be 
calculated based on boundary layer theories and the effective diffusivities may 
be estimated based on pore structure of shell-layer and gas diffusivity. The 
evaluation of interfacial rate constants is done by curve-fitting. 

Tt should be noted that, with adjustable parameters in the system, such 
complicated model can readily be made to fit a finite set of data. The emphasis 
of this model is on the interplay between interfacial reactions and mass 
transfer steps. There are two general assumptions that have not been tested 
up to that time. 


p= 


(i) It is an isothermal and isobaric system. 1 
(ii) The interfacial reaction is first order with respect to the concentration of 
gaseous reactants. 3 


The consequence of invalidity of assumption (i) is that the rate consi 
obtained by curve-fitting may lead to an erroneous activation energy. 
assumption (ii) is not valid, then we have an entirely different mathemati 
model with which to obtain a different set of kinetic parameters. 
examination of assumption (ii) is done below. 


2. 


Hematite-Magnetite Interfacial Reaction 


"This investigation was carried out by Nabi and Lu (1974). The initial rates. 

hematite reduction to magnetite in ternary gas mixtures of H5, H20, and Nz 
were measured. Artificial hematite spheres, essentially pore free, were 
pared by repeated firing, dipping into slurry of hematite powder, 
polishing, with gradually increased firing temperature. The first surprisi 
result was that the reactivity of hematite spheres is very sensitive to the 
firing temperatures, as shown in Fig. 7.2. The decrease in reactivity 
hematite when the sintering temperature was raised from 1100 to 1200*C.- 
was due to grain growth and smoothing of the surface. The increase in 
reactivity beyond 1200°C sintering temperature was due to further deviation 
from stoichiometry. For the rest of the kinetic study, all specimens had a final 
sintering temperature of 1200°C and underwent 5 hours of firing. For this 
single-interface system, reduction rates were measured continuously using a 


Kinetics and mechanisms of heterogeneous reactions 235 


TIME OF REDUCTION = 90MIN. 


WEIGHT LOSS (mg / cm?) 


1100 1150 1200 1250 1300 1350 1400 
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Figure 7.2 Surface reactivity vs. sintering temperature for constant sintering 
time of 5 hours (Reproduced from Nabi and Lu, 1974, with permission). 


microbalance up to about 2% (at 650°C) and 6% (at 800°C) of completion of 
the reaction. 

Four mechanisms, which differ in the types of adsorbed species and in the 
way the water molecules are formed, were considered in this study. The first 
two considered the chemisorption of hydrogen molecules to be nondissocia- 
tive. The difference between these two mechanisms is that the adsorbed 
species are hydrogen and water molecules in one, and hydrogen molecules and 
oxygen atoms in the other. In the other two mechanisms, hydroxyl groups (as 
the result of dissociative adsorption of hydrogen) and water molecules are the 
adsorbed species. The difference berween these two mechanisms is that in one 
the adsorbed water molecules are formed as the result of reaction between the 
adsorbed hydroxyl groups, and in the other as the result of reaction between 
hydroxyl groups and the hydrogen gas. Only the last mechanism will be 
discussed here. 


Hg) + O,-O, = HO'-HO* (adsorption) (7.18a) 


HO*-HO* + H2(g) = H20*-H20* (surface reaction) (7.18b) 
H30* = H5O0(g) + s (desorption) (7.18c) 


where * indicates the adsorbed species, and O,-O, and s are the dual oxygen 
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Table 7.3 Calculated values of changes of enthalpies, entropies, and 
energies at 1073°K 


Surface reaction 
(rate constant) 


Adsorption of H2 
(equilibrium constant) 


Desorption of H20 
(equilibrium constant) 


AH,* = 33kcal mol" AH; = —6.5 keal mol 
AS,* = —I5 eu AS4° = —5.4eu ' 
AR = —SOkcal mol"! AF4? = —0.7 kcal mol 


AH,° = —22.0 kcal mol ^" 
AS,° = —16.5 eu 
AF,° = —4.8kcal mol~! 


Source: Nabi and Lu (1974) 


sites and single site on the hematite surface, respectively. The following rate 
expressions to each rate-controlling step of the above sequence are obtained 


kaSL(pr: — Pin o/Pu. K?) 


Ra = 7.19 
“© 20 Ka) "pu o/pi( + Kaprol Me 
p, = RSL, - Prol KE) 
2[1 + (Kapr,) ? + Kaprol 
1/2 ar 
Ran = BIG Lipa, — pmo/ Ka) c 


© (1+ Gp) 7 + (KK) pi] 


where S and L are coordination numbers for close packed plane and 
density, respectively. K and & are equilibrium and rate constants. The 
nine equations, and detailed mathematical analysis, can be found els ei 
(Nabi and Lu, 1974). Among the 12 equations, only the rate equation for 
surface reactions (7.19b) satisfies the requirement that all equilibrium con- 
stants and rate constants evaluated statistically be positive. J 
Confirmation of the conclusion that hematite reduction carried out in their 
study has the surface reaction (7.18b) as the rate-limiting step can be found in 
the thermodynamic properties of these parameters given in Table 7.3. Thi 
values of enthalpy and entropy changes listed agree well with computed valu e 
based on statistical thermodynamics according to the proposed mechanism. 

"There are two important conclusions from this work. (i) The reactivity (i.e. 
rate constants) of hematite of the same purity may vary widely depending 
its thermochemical history. (ii) At least in this case, the interfacial reaction 
second order with respect to the gaseous reactants, even for the simpler case 0 
hydrogen. This implies that the popular assumption of first order of reactii 
for gas-solid iron oxide reduction may not always be valid. 

In addition to the uncertainties mentioned above, experimental resi 
reported in the literature are further complicated by the effect of impurit 
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and the pore structure of specimens, and by variations in fluid mechanical 
conditions. Opinions differ among authors in the field on the need for 
simplifying the model in order to extract kinetic parameters from the data. 
"Therefore, no effort will be made here to find the true values of rate constants, 
which could have different physical meanings in different studies although 
reported under the same name. 


74. SLAG-METAL REACTIONS 


Holbrook and Joseph (1936) studied sulfur transfer from Fe-C melts to SiOz- 
Al,O3-CaO slags. They proposed 


[FES] meta + (CaO)siag (CaS)stag + (FEO)stag (7.20) 
for desulfurization and 
(FeO) stag + [C]metat > [Felnetar + CO(g) (7.21) 


for the formation of gas bubbles and metal droplets in slag. They explained 
the mechanism near the slag-metal interface of formation bubbles which carry 
overa film of metal to slag. When the bubble breaks, the film of metal becomes 
droplets in slag. They reported that the meta! beads were never found above 
the metal bath if the metal, as charged, contained no sulfur. This system was 
investigated more quantitatively by Chang and Goldman (1948), who inter- 
preted their kinetic data based on the following equation. The net transfer of 
sulfur from metal to slag is given by 

dC,S 

dt 

where S and A are the mass of slag and slag-metal interfacial area; km and ky 
are the rate constants; and C, and Cm are the concentrations. They also 
recognized that the rate constants are functions of temperature and compofi- 
tion of both phases. Radioactive iron was used as a tracer. They concluded 
that FeS is one of the constituents going across the interface but not the only 
one on the basis of mass balance. 

Philbrook and Kirkbride (1956) studied reaction (7.21) between carbon- 
saturated iron and Ca0-A1,0;-SiO, slags containing less than 5% FeO in a 
graphite crucible. In comparison with Chang and Goldman's work (1948), 
there was no sulfur in the system but there was substantially more FeO in the 
slag. They interpreted their data according to the following equation: 


(7.22) 


= AkmGm — AbsCs 


(7.23) 


where 
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» 100 
R= p A + k2A2) 


and x is the order of reaction, which was determined to be in the range 1.6-2. 
with the average value of 2. A, and Ap are the areas of slag—metal and s 
graphite interfaces. d 

In his study of kinetics of the carbon boil in the open hearth, Darken (1951) 
considered that oxygen from slag enters the liquid steel at the slag-metal 
interface and assumed that local equilibrium prevails. Experimentally, it v 
verified that the oxygen concentration in the metal phase was esseni 
uniform in the bulk and therefore the rate-controlling step of oxygen tran 
was considered to be diffusion across the boundary layer. Such computati 
was very successful in correlating rates of decarburization and ma 
oxidation in open hearth steelmaking. Darken (1951) suggested that h 
geneous nucleation of the gaseous phase in liquid metal (other than in fro! 
conditions) is very unlikely under normal conditions for deep-seated carl 
boiling. Bubbles of carbon oxides grow at crevices, cracks, and pores in 
bottom of the furnace to bypass the nucleation step for normal carbon boil. 


7.4.. Theoretical Development 
Systematic analysis of important steps in slag-metal reactions was 
reported by Wagner (1956). For the cases in which local equilibrium 
assumed, Wagner derived rate expressions based on two-phase film the 
Systems with simultaneous fluxes were treated. The data of Philbrook : 
Kirkbride (1956) which could be explained in terms of a second. 
reaction (7.23), were interpreted by Wagner (1956) in a different way. It m 
be a gas-stirred (from CO generation) and mass transfer rate-limited 
even though it may be a first-order reaction with respect to iron 0 
concentration. 

, Wagner’ s illustration that slag-metal interfacial reaction is elec troch uo. 


and cathodic reaction (7.11b), analogous to corrosion reactions, take ] lac 

randomly at distinctly different sites on the slag-metal interface. q 
The rate of anodic dissolution of a metal i, w; is equal to the product of th 

metal-electrolyte interface area A and the current density J; of this partici 


process divided by the product of valence z; and the Faraday constant F 
SE (7. 


"This equation also accounts for cathodic deposition of metal i with a neg 
value of œ; for transfer from slag to metal and a negative value for the current 
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density J; of the cathodic process. An equation relating current density amd 
electrode potential 


Ji = Rig exp[(1 — a,)2,EF/RT]— kic" exp[—aiz:EF/RT] (1.25) 


gives the current density as the difference of two terms for anodic dissolution 
of metal 7 and its cathodic deposition as individual electrochemical phase- 
boundary reactions, where E is the potential difference between the electrode 
under consideration and a reference electrode measured without /R drop in 
the electrolyte; k; and &;" are the rate constants for the anodic and the cathodic 
process, respectively; c/* is the interface concentration of the metal to be 
oxidized anodically; c/"* is the interfacial concentration of the metal ions to be 
reduced cathodically; and a; is a parameter whose values lie between zero and 
unity. 

In general, metal-slag reactions take place without the net flow of electrica] 
current. Thus, we have 


XJ-0 (7.26) 
or 


Ez;0,—-0 (7.27) 


We have a set of equations (7.25) for the rate of transfer for each constituent 
between slag and metal in terms of interfacial concentrations and the single 
electrode potential, E. Equations 7.25 and 7.27 determine the value of Æ 
through which all interfacial reactions are coupled. 

King and Ramachandran (1956), observed the reversal of silicon and iron 
transfer when sulfur transfer from carbon-saturated iron to silicate slag was 
the main driving force (see Fig. 7.3). Interfacial reactions involved five 
elements, i.e., sulfur, iron, oxygen, silicon, and carbon. Their experimental 
data and Wagner's theory (1956) were mutually supportive. 

Wagner (1956) suggested an experiment on silica reduction to test the 
electrochemical nature of the slag-metal reaction in a graphite crucible, where 
a cathodic reaction takes place at the slag-metal interface and an anodic 
reaction at the slag-graphite interface; and with current carried out by 
electrons in the metal and graphite and by ions in the slag. With the use of 
refractory sleeves in some experiments in graphite crucibles, Aurini (1968) 
confirmed that the electrochemical local cell effect does exist as suggested by 
Wagner (1956); however, when bare graphite crucibles are used, its contribu- 
tion to the overall kinetics is insignificant within the experimental error of the 
method. 

Interest in slag-metal reactions was significantly aroused by the work of 
Wagner (1956) and King and Ramachandran (1956). Several authors tried to 
extend Wagner's theoretical work but with limited success. De Hemptinne 
et al. (1961) treated the interface as a membrane in their electrochemical 
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Figure 7.3 Equivalents of S, Fe, and Si transferred from metal to slag 


equivalents of CO evolved (Reproduced from King and Ramachandran, 1956 
with permission). 


theory of smelting. Lu (1971) and Frohberg et al. (1973) studied the couplin 
of interfacial reactions based on relations of irreversible theomodynamics. 


7.4.4. Coupled Interfacial Reactions 


‘The data presented by King and Ramachandran (1956) are extremely inte! 
esting, but the generation of bubbles of carbon monoxide creates comy 
tions. Bubbles increase the interfacial area by bringing metal droplets to 
and its movement results in stirring. k 

Ma and Lu (1994) carried out experiments in a carbon-free system of Fe- 
Mn-Si alloy and CaO-SiO7-Al20; slags in capillaries. A further precai 
taken to minimize the convective mass transfer was that experiments v 
conducted at 20°C below the solidus temperature of 1783°C for the alloy. 
at 1763°C has a viscosity of 8dynesscm '. The reason for choosing tl i 
particular system is that the solution thermodynamics and diffusivities 
these phases are better known. Four experiments with different slag compo 
tions were conducted. Concentration profiles in both phases, including th 
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interface, in the sectioned reacted specimens were measured by electron 
microprobe. 

A mathematical model of the system was used which consists of two semi- 
infinite multicomponent diffusional systems with a set of coupled interfacial 
clectrodic reactions as the common boundary conditions at the interface. 
Diffusion equations for the metallic phase are based on the formalism of 
Kirkaldy and Young (1987) and coupled diffusion in the ionic phase according 
to Okongwu et al. (1973). The rate equations for interfacial reactions are 
according to (7.24)-(7.27), but the equivalent form in terms of electrochemical 
potential and affinity (Lu, 1971) is as follows: 


ay = käi- KA 
-pāli Fal 
à a(1 | (7.28) 


» A - 
-»^a[i- ev (-2)] (i=1,2,... n) 
where à; is the electrochemical activity defined in terms of electrochemical 
potential, 
ji; = ART inà; = wT Ina; +2, Fo 


and A; is the electrochemical affinity for the ith reaction. After resolving the 
inconsistency in solution thermodynamics of ionic melts (Ma and Lu, 1993), 
the activity of single ions is uniquely defined so that the linearization of 
Equation 7.28 (Lu, 1971) is avoided, Equation 7.28 is rearranged and its 
corresponding form of neutrality condition is given below: 
wi = ha[l —L;U*] (@=1,2,....n) 


uu oxy“ ata] 


(7.29) 


where 


and 


where a; and a; are chemical activities of the ith element in metallic and ionic 
solutions, respectively; Ad( = , — $m) is the electrical overpotential difference 
between slag and metal, and the subscript eq indicates that these properties 
are at the state of chemical equilibrium. Therefore, L; (i = 12,.,n) is a 
function of thermochemical properties, which are available in the literature. 
The conversion of single-ion activities to those of neutral compounds is 
demonstrated elsewhere (Ma and Lu, 1993). The coupling factor, U, char- 
acterizes the electrical properties in the interfacial zone through which 
simultaneous reactions are coupled. That relationship is the constraint of no 
net electric current, everywhere in the system; therefore (7.27) becomes 
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Y shall - LU*] =0 (7.30) 

pst 
Further manipulation of (7.29) and (7.30) before computation is gi 
elsewhere (Ma and Lu, 1994). For computational purposes, the 
zone, which has layers of slag and metal at the interface, must have a finit 
size. The thickness of these layers in the reaction zone is assumed in such. 
way that the total masses on each side of the interface are equal. In view of th 
resolution of the microprobe, they are assumed to be 1.0 m for slag ai 
0.4 um for metal. 

"There are initially three elements (Fe, Mn, and Si) in the alloy and four (. 
Ca, Si, and O) in the slags. When reactions proceed, iron and manganese m 
from the metal to the slag and silicon moves in the opposite direction. In tl 
specimens studied, aluminum, calcium, and oxygen in the alloy may 
detected from beams of characteristic x-rays but cannot be analyzed quantits 
tively for their low concentrations. Thus, measured results are presented ii 
terms of concentration profiles of oxides (MnO, FeO, SiOz, Al203, CaO) i 
the slag and those of manganese and silicon in the alloy, for example, Fig. 7. 
"The approximate stoichiometric equation is 


(SiO), + [Mn, Fe] ^ (MnO, FeO),, + [Si}metat 


The ratio between reacted manganese and iron depends on the 
concentrations in the system and changes with time. Details of comput 
and computational results are avai'able elsewhere (Ma and Lu, 1994). 
may be summarized by saying that Wagner's (1956) theory of electroch: 
reactions at slag-metal interfaces has been rigorously tested and positi, 
confirmed. 


(7.31 ) 


7.5. THE REDUCTION OF IRON OXIDES IN 
LIQUID STATE 


‘The advancement in this field is mainly due to the efforts of Philbrook, 
and Ban-ya and their associates. A comprehensive review of the kinetics © 
reduction of liquid iron oxides and iron oxide in liquid slag by gases (H2, 
solid carbon, and Fe-C melts has been given by Nagasaka and Ban-ya (1992) 


7.5.1. Gas-Liquid Reaction 


The reaction mechanism of liquid iron oxide reduction by carbon cid 
in a transport bed due to Tsukihashi, Kato, Otsuka, and Soma (1982b) 
reviewed. Wustite particles (average size 25 jum) were carried by carbo 
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Figure 7.4 Comparison between measured and computed concentration 
profiles in 10 minutes of reaction (Ma and Lu, 1994). 


monoxide through a tubular hot zone 10 cm in length controlled at 1450 or 
1600°C. The residence time of particles in the hot zone may be calculated. 
Micrographs of cross sections of partially reduced specimens are reproduced 
in Fig. 7.5. Both metal and oxide phases had been in the liquid state and liquid 
iron did not hinder gas-oxide reaction as sponge iron does. This three-phase 
reaction actually takes place at two types of interfaces, i.e., gas-oxide for 
oxygen removal and oxide-iron for metalization. Metal phase is more likely 
nucleated inside the droplet of wustite, considering the presence of non- 
spherical metal phase in the interior, rather than sinking in from the surface 
because the slag-metal interfacial tension is much lower than the surface 
tension of iron in gas. The significant role played by nucleation of metallic 
iron in limiting the rate of metalization may explain the following facts 
observed by Tsukihashi et al. (1982b): (i) the extent of metallization varies 
from particle to particle; (ii) on the average, smaller particles (16 um) react 
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Figure 7.5 Cross sections of reduced wustite particles at (a) 1450°C 
(b) 1600°C (Reproduced from Tsukihashi et al., 1982a, with permission). 


more slowly; and (iii) prereduction (from 0.45 to 0.16 in the ratio of Fe?" ta 
total iron) does not affect the overall rate of metallization. 


7.5.2. Carbon as the Reductant 

x 

Tsukihashi et al. (1982b) carried out a series of interesting experiments. In 

each experiment, 10g of fine iron ore of high purity was introduced to'a 

graphite crucible of 20, 25, or 30 cm diameter which was maintained at 1500 0r 

1400°C. The kinetics of the system was monitored in two ways: (i) 

measuring the total flow rate and composition of exit gas to give the rate 0 

reduction quantitatively; and (ii) by viewing the x-ray transmission image of 

the graphite crucible and its contents for qualitative investigation of the 
mechanism. 

In a comparative study, with the use of a graphite crucible with alumina 
sleeves to give constant liquid oxide-reductant interfacial area, two reductants 
(the bottom of the graphite crucible or about 100 g Fe-C melt at the bottom of 
the crucible) were used. The results are reproduced in Fig. 7.6. The progres 
of reduction, in the absence of iron-carbon melt initially, was recorded and iS” 
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Figure 7.6 Degree of reduction curve of MBR ore at 1500°C (Reproduced 
from Tsukihashi et al., 1982b, with permission). 


shown in Fig. 7.7. During the period with degree of reduction of 30-54% 
shown in Fig. 7.7, the exit gas has a ratio of CO2/(CO2 + CO) of 0.17 which is 
the equilibrium value with liquid ‘FeO’ at 1500°C. The increase in the 
reaction rate after 60% of reducible oxygen was removed may be explained 
by the participation of the reaction product in the form of Fe-C droplets as 
reductant. This is consistent with the changes in x-ray transmission image. 
The extent of foaming shown on x-ray film would make any attempt at 
modeling challenging. Takaoka et al. (1984) reported that when dissolved 
carbon in liquid iron is the reductant, under similar conditions, the rate of 
reduction of liquid iron oxide increases with the increase of carbon content up 
to 0.3 wt%. Above this value, the rate of reduction was independent of the 
carbon content. 


7.6. INDUSTRIALLY IMPORTANT SYSTEMS 


In the 1950s and 1960s, the quality of raw materials for blast furnace 
ironmaking was dramatically improved. The enhanced process efficiency was 
partly due to better reducibility (less reductant required), higher strength 
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Figure 7.7 Relation between reduction rate and degree of reduction. 
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(more permeable furnaces) and higher gaseous pressure. It should be n 
that iron ore agglomerates used by industry have a gangue content of 5 
more. The chemical and physical properties of agglomerates of importar 
ironmaking processes are usually determined by phases of gangues not by ire 
oxides. To minimize the use of metallurgical coke, in addition to coal ii 
to blast furnaces, the use of ore/coal composites is being considered. Sti 
the kinetics of reduction of these composites, in which heat transfer mu 
considered, will necessitate the adoption of nonisothermal and noni 
models (Sun and Lu, 1996). E. 
The batch processes of steelmaking are relatively better understood. Th 
practical use of kinetic knowledge is still hindered by lack of meas t 
interfacial areas in the system. For smelting reduction, the gas-liquid met 
liquid slag system is further complicated by the direct charging of iron ore. 
coal. Determining the best way to feed carbon to iron melt to reduce iro! 
oxide from slag and at the same time to supply heat and to release gas will be! 
challenge to practicing engineers as well as researchers. 
The study of the kinetics and mechanisms of heterogeneous reactions is. 
important for reactions in gasification of coal and coke, slagmaking, refr 
attack, agglomeration, and vacuum treatment. 
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INDUSTRIAL SYSTEMS 


Overview 


Paul V. Riboud 


The last five chapters concern industrial systems: Chapters 8 and 9, of general 
scope, describe respectively process modeling and the analysis of metallurgi- 
cal reactors, while the remaining three concern different types of industrial 
processes—ironmaking reactions in Chapter 10, iron smelting and steel- 
making reactions in Chapter 11, and solidification rate in casting processes 
in Chapter 12. 


GENERAL APPROACH TO SYSTEMS 


Two types of approaches are presented: one is through process modeling, 
integrating all local phenomena into the overall process; the other considers 
the reactor as a whole and provides an evaluation of its efficiency in order to 
define a strategy for optimization. 


Process modeling 


Process modeling, described by Thomas and Brimacombe (Chapter 8), 
integrates (i) local and overall mass and heat balances, (ii) momentum 
balance through fluid dynamics or solid particle flow, (iii) shape and surface 
area of interfaces and (iv) local and overall chemical kinetics. 

Using numerical methods, these calculations are becoming accessible for 
complex reactors with the development of fast computers. 


Global reactor approach 


This reactor approach is described by Engh in Chapter 9. It considers the 
whole process, or at least large distinct parts of the overall process, with the 
Objective of increasing efficiency and productivity. The aim is to organize all 
Components of the reactor: (i) their shape, (ii) their reactant feeding and 
Product extraction and (iii) their stirring energy, originating from gravity, 
mechanical or magnetohydrodynamic forces, or from gas injections. 
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This approach is often used to compare competing processes, whethe 
batch or continuous, for example, in terms of utilization efficiency of th 
reactants, or productivity for a given size of reactor. Final results can then 
used directly for economic comparisons. 

The two types of approaches—integration process model and g 
reactor—can be used sequentially toward optimization of a process. 


APPLICATIONS TO STEELMAKING PROCESSES 


Beyond the application of the above process modeling, the three chapters € 
iron and steelmaking processes make extensive use of the notions develop ed 
the first parts of the book, i.e., thermodynamic and kinetic concepts. x 


Use of thermodynamics 


Examples of the use of phase equilibria and thermodynamic activities r 
treated (i) in Chapter 10 by Steiler in the case of the reduction of ores in tl 
blast furnace shaft for solid-gas equilibria, and in the case of the blast furn 
hearth for metal-slag equilibria, and (ii) in Chapter 11 by Fruehan for met 
slag partition in steelmaking and in smelting. 


Use of kinetics 


Examples of the kinetics of reactions involving only solids among 
condensed phases, such as those occurring in the upper part of the bla: 
furnace, are also presented in Chapter 10. For reactions involving 
several liquid phases, examples are given for the various metal-slag 

occurring in the blast furnace crucible (Chapter 10) and for the liquid 
emulsions encountered in steelmaking and smelting reactors (Chapter | 
Concerning solidification rate, implementation in the various contit 

casting processes implies the detailed treatment of heat transfer in the mo 
and in spray cooling zones, as detailed by Schwerdtfeger in Chapter 12. 
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B.G. Thomas ! 
Department of Mechanical and Industrial Engineering, University of Illinois at 
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8.1. INTRODUCTION 

"The silicon chip has changed our approach to process analysis. In an earlier 
time, some of us actually used a slide rule and drew graphs by hand. There 
were merits in some of this as we learned to estimate, carry powers of ten, and 
think about what we were plotting. But, of course, the complexity of real 
processes eluded us, as only simple balances and analytical solutions were 
possible. 

The burgeoning evolution of the computer and user-friendly software has 
fundamentally transformed our approach to process analysis and propelled us 
into the development and application of mathematical process models. The 
computer has unshackled us from the need to oversimplify. But if we are not 
careful, it threatens to confuse and overwhelm us with needless complexity. 

In this chapter on process modeling, the challenge is addressed of simplify- 
ing complex processes while maintaining a strong hold on reality. As shown in 
Fig. 8.1, we need to balance the mind-set of simplification with the power of 
complex analysis. And underpinning modeling must be measurements. 


8.1.1. 


A process model is a system of mathematical equations and constants that are 
usually solved on a computer to make quantitative predictions about some 


What is a Process Model? 
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Assumptions 


Process Model 
(simplified) 


Real Process 
(complex) 


Measurements and 

Enhanced hardware / software 
Figure 8.1. Compromise between mathematical simplifications which p 
the process model away from reality and tools which bring it closer. 


aspect(s) of a real process. The specific variables required as input data an 
generated as output predictions are important features of the model. 
equations often stem from a numerical solution to one or more differentia] 
equations and their boundary conditions. 

"The model also includes the constants which represent material prop 
empirical relationships, and other knowledge about the process. Consider 
effort is usually required to obtain these, normally by experimentation. Thus, 
general-purpose commercial software packages (e.g., finite element- or finit 
volume-based codes) are not models in this context. They serve as usefu 
tools, however, by providing frameworks for the development of process 
models, possibly saving effort in formulating the equations. 

Thus, by definition, models require a combination of mathematics 
experimental data. To be relevant, they also need to be validated with reali: 
measurements and finally implemented into practice. These aspects of proci 
models will be treated in subsequent sections, in the context of examples t: 
from the continuous casting of steel, which is described in Chapter 12. 


82. WHY MODEL? 


There are many different reasons for developing a process model. 
include: 


* Increasing fundamental understanding of a process 
* Assisting in scale-up 

* Design of experiments 

e Evaluation of experimental results 

© Quantifying property measurement 

* On-line process control and optimization 

* Technology transfer 
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If a clear reason to develop a model cannot be found, then it should not be 
developed! 


8.2.1. Increasing Process Understanding 


Perhaps the most important reason for modeling is to gain fundamental 
understanding of a process. Without this understanding, improvements can 
be made only by expensive trial and error, and error is more likely. Models can 
serve as off-line tools to correct misconceptions, identify what is important, 
test hypotheses, and perform parametric studies. A validated process model is 
an ideal tool for isolating the effects of individual phenomena, because each 
variable of interest can be changed systematically and independently. Off-line 
study of the influence of different variables on the operation of a process is 
often the first step in process optimization. 


8.22. Scale-up and Design 


Models are particularly important in the design of new processes and plants. 
The ability to extrapolate knowledge generated from bench-scale or pilot 
plant experiments to a commercial-scale operation varies in direct proportion 
to the accuracy of the process model(s) used. Because there is no existing plant 
for calibration, it is crucial that models used for this purpose be as mechanistic 
as possible. 


8.2.3. 


Process models can help with experimental design in several ways. One way is 
to identify the critical location(s) in a process where measurements should be 
made, in order to get the most use from the experiment. For example, without 
the aid of amodel, thermocouples might be placed needlessly in locations that 
are not very interesting. Alternatively, there may be too few thermocouples at 
critical locations where temperatures change rapidly. 

Another use of a model is to help identify the process variables which are 
most critical, or rate-limiting. Experiments can then focus on quantifying the 
effects of just these variables. Finally, models can help to ensure that an 
experiment does not forget a crucial phenomenon that governs the real 
Process. 


Design of Experiments 


8.2.4. Evaluation of Experimental Results 


Off-line process models can help in interpreting the results of experiments. 
For example, temperature measurements may be converted to heat fluxes with 
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the aid of a model. These heat fluxes enable more meaningful comparisg 
between experimental results, because they are less specific to a partii 
experimental setup. } 

Process models are particularly useful when the phenomena are difficult te 
measure or model physically. Examples relevant to continuous casting inclu 
flow in the liquid pool generated by electromagnetic or thermal effects, an 
thermal stress generation. A good process model can extrapolate the result 
from a few key experiments to other conditions and help to find the optim 
process conditions with less experimental effort. ; 


8.2.5. Property Measurement 


Models are very important in the measurement of properties. This is. 
properties are not measured directly, but are instead derived from me: 
ments using a model. Furthermore, particular property data must only be 
used with the specific model that was used to extract them from the r 
measurements. 
For example, thermal conductivity is typically calculated from an ex 
ment which measures two temperatures and the distance between them 
known applied heat flux. Generally, a simple form of Fourier's heat c 
tion law is used to extract the thermal conductivity. However, if the mater 
a semitransparent slag, for example, then the measurements will include h 
transmitted by both conduction and radiation. The conductivity calcu 
may or may not account for this radiation. Thus, several different 
ity ‘measurements’ are possible from the single experiment, depending on 
heat transfer model employed in the property calculation. A sophi: 
model might even combine the results from several experiments to cal 
simultaneously the thermal conductivity and the radiation absorption 
cient. 
Future process models using the *measured' conductivity should sep 
account for radiation or not, according to the heat transfer model emplo 
the property calculation. Obviously, it is important that the experimen 
reporting the property *measurements' should clearly indicate the model 
in calculating the property data. 
"This particular example arises when quantifying the thermal properties © 
molten slag layers. Similar difficulties arise during measurement of othe! 
properties whenever there are complicating phenomena which cannot be: 
avoided in the experiment. Other practical examples include inelastic creep. 
relaxation during the measurement of elastic modulus at high temperature, 
and strain localization during the measurement of critical fracture strain. The | 
lack of complete, fundamental property data in areas such as these is one of the 
many factors limiting the accuracy of current process models. 1 
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Models can contribute to property measurement by providing a framework 
common to experimenters and modelers alike. The need for general models of 
fundamental material behavior is growing, as the phenomena of interest grow 
in complexity and experiments are unable to isolate a single property to be 
measured. In many cases, sophisticated mechanistic models should be used 
together with the results of several experiments in order to extract properties 
that are more fundamental. 


8.26. On-line Process Control and Optimization 
The best way to optimize many processes is to control some aspect of them on- 
line. This requires a simple model which correctly identifies the key para- 
meters of the process and quantifies how they affect the product. Developing 
an on-line model and implementing it to control a process is the ultimate 
reason for modeling and is discussed in further detail in a later section. 


8.27. Technology Transfer 


Finally, models also act as a means of technology transfer which can be 
embedded in expert systems. An expert system can provide easy access to 
relatively complex models and a wealth of knowledge without forcing the 
engineer to read and understand all of the literature. 

Models are excellent educational tools. They enable visualization of the 
phenomena which control a process. The insights gained from careful 
evaluation of 3D color moving images often cannot be obtained in any other 
way. Even the act of modeling can produce mental discipline in process 
analysis and deepen understanding of the phenomena which govern it. With 
increased process understanding, a process engineer can make better decisions 
and implement improvements to processes. 


8.3. TYPES OF MODELS 


All process models can be classified according to their basis as empirical 
versus mechanistic. 

A fully empirical model is created by performing a curve-fitting procedure 
on the results of a statistical study with no attempt to understand the reasons 
for the relationships. This type of model is well suited for on-line applications, 
because the resulting equations are very fast to solve and are robust, avoiding 
numerical difficulties. However, they usually become very inaccurate if 
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extrapolated beyond the specific range of processing conditions for which tl 
were developed. P 
A fully mechanistic, or phenomenological, model solves equations 
solely on the fundamental laws which govern natural phenomena. These 
include the differential equations governing the conservation and trans 
mass, momentum, mechanical force, electromagnetic force, and energy 
addition to thermodynamics, phase equilibria, kinetics, and other relatio 
Experimental data are incorporated in their most fundamental form, thro 
the material properties. A mechanistic process model can be extended t 
understand and solve problems with a given process, without knowing 
particulars of the problem prior to development of the model. 
In practice, all models lie somewhere between these two extremes. N 
model comes close to being a complete, fully mechanistic process 
despite the claims of some modelers. In reality, it is possible at best to mode 
mechanistically only a tiny fraction of the actual phenomena present in a rea 
process. This is because real industrial processes contain staggering comp 
ities in phenomena at the mechanistic level. The continuous casting proce: 
for example, is governed in part by the following phenomena: 


* Fully turbulent, transient fluid motion in a complex geometry (inlet nozzlt 
and strand liquid pool), affected by argon gas bubbles, thermal and solu 
buoyancies 

* Thermodynamic reactions within and between the powder and 
phases 5 

* Flow and heat transport within the liquid and solid flux layers, which 
on the top surface of the steel r 

* Dynamic motion of the free liquid surfaces and interfaces, including thé 
effects of surface tension, oscillation and gravity-induced waves, and 
in several phases 

* Transport of superheat through the turbulent molten steel 

* Transport of solute (including intermixing during a grade change) a 

* Transport of complex-geometry inclusions through the liquid, includin 
the effects of buoyancy, turbulent interactions, and possible entrapment 0 
the inclusions on nozzle walls, gas bubbles, solidifying steel walls, and 
top surface 

* Thermal, fluid, and mechanical interactions in the meniscus 
between the solidifying meniscus, solid slag rim, infiltrating molten flw 
liquid steel, powder layers, and inclusion particles 

e Heat transport through the solidifying steel shell, the interface betw 
shell and mold (which contains powder layers and growing air gaps), 
the copper mold 

e Mass transport of powder down the gap between shell and mold 

e Distortion and wear of the mold walls and support rolls 
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e Nucleation of solid crystals, both in the melt and against mold walls 

e Solidification of the steel shell, including the growth of grains and 
microstructures, phase transformations, precipitate formation, and micro- 
segregation 

e Shrinkage of the solidifying steel shell due to thermal contraction, phase 
transformations, and internal stresses 

e Stress generation within the solidifying steel shell due to external forces 
(mold friction, bulging between the support rolls, withdrawal, gravity), 
thermal strains, creep, and plasticity (which varies with temperature, 
grade, and cooling rate) 

Crack formation 

e Coupled segregation, on both microscopic and macroscopic scales 


For an arbitrary problem, any of these phenomena might be critical. Alter- 
natively, the critical phenomena may not yet be identified. Finally, many of 
the fundamental material properties needed for such a mechanistic model are 
not yet understood, let alone measured. 

Because of this overwhelming complexity, it is unlikely that any model will 
ever incorporate all of these phenomena mechanistically. Nor should one—the 
model would be too complex ever to run! All useful models focus on a specific 
aspect of a process, and mechanistically model only those phenomena most 
important to that aspect. Other phenomena are either ignored or incorporated 
empirically. Most models thus contain a significant component of empiricism. 
The great advantage of mechanistic models is that they can be extrapolated to 
simulate conditions outside the range of model validation. This makes them 
useful for design purposes. 

Empirically based models are sometimes looked down upon because they 
are inflexible and serve only a particular purpose. However, empirical models 
are ideally suited to on-line applications, which are so useful to industry. It is 
not necessary to achieve full understanding of an existing process before a 
model can be implemented. The unknowns can be accounted for in the 
empirical constants. Naturally, the better the understanding, the better the 
model will be. The challenge is to base the process model on mechanistic 
understanding without sacrificing speed, simplicity, and robustness. 


8.4. OTHER PROCESS DEVELOPMENT TOOLS 


As already indicated, mathematical modeling is rarely sufficient, by itself as a 
mathematical exercise, to analyze the key characteristics of a materials 
Process, Usually, some phenomena, such as the heat flux boundary conditions 
from a continuously cast strand to the water sprays, are poorly understood 
and are best treated using measurements. Many thermophysical properties, 
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constitutive behavior, microstructural phenomena, rheological propertie: 
thermochemistry, have not been quantified and demand determinati 
building a credible model. Moreover, a process model that has not been 
with measurements can be a most dangerous distraction with the potential 
inflict harm to process development. ir” 
Consequently, the application of mathematical models to the analysi 
design of materials processes must always be set in the context of all 
other tools of process development. These other tools specifically in 
measurements, which may be conducted in at least four different realm 
real process, pilot plants, physical models, and the laboratory. Y 


8.4.1. Industry Experiments 


On an operating process, by definition in the real world of comple: 
measurements are obtained only with difficulty, especially in a produ 
environment where pressures to meet schedules are severe and domi 
Commercial materials processes impose difficulties of noise, heat, 
electrical interference, and time and space constraints. The frustration 
integrating a research program into the production environment are 
insignificant, and are sometimes overwhelming; but the rewards, in term 
obtaining real-world data, can be enormous. Much of what we have learn 
from processes like continuous casting, copper converting, and zinc sl 
fuming wells up from difficult, time-consuming, and often stressful measut 
ments made on the operating process. Such experiments probe the complex 
of fluid interaction, heat flow, and chemical reactions which are not e 
replicated under laboratory conditions. 


8.4.2. 


That having been said, the pilot plant, which is a smaller scale of a potent l 
operating process, can be a powerful tool of process development. The p 


Pilot Plant Experiments 


tion rate, quality, safety, and operational care, amongst other things, on th 
process operation. The size of the pilot plant may vary from laborato 


(bench) scale to a larger size, but the goal always is to understand, assess, am 
develop a process at reduced capital cost which minimizes financial risk. 


8.4.3. Physical Model Experiments 


The physical model is another tool of process analysis which is aimed at 
simulating some of the phenomena of a new, or existing, process through ti 
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use of more user-friendly systems, such as Plexiglas and water, as compared to 
molten steel and refractory. Physical models have been employed most 
frequently to study fluid flow in vessels, such as continuous casting tundishes, 
where the relevant properties of water and molten metal are similar. In the 
design of physical models, similarity criteria need to be considered so that the 
forces at work in the real process are simulated properly. Such forces in fluid 
flow include inertial, viscous, buoyancy, and surface tension forces, which 
may be characterized by the Reynolds, Froude, and Weber numbers, It is 
critical that the dominant forces in a process are evaluated because it is rare 
that all similarity criteria can be met with the physical model. For example, a 
hot metallurgical process is accurately simulated with a cold isothermal liquid 
only when the buoyancy forces are small, as indicated by the size of the 
modified Froude number. Physical models can be applied to measure mixing 
conditions or, with the help of sophisticated tools like the laser Doppler 
velocimeter, turbulence in the fluid. The scaling and use of physical models 
must be undertaken with considerable forethought and ingenuity, but they 
can yield important results on complex metals processes at relatively low cost. 


8.44. Laboratory Experiments 


Finally, the process engineer has in his arsenal measurements in the labora- 
tory. Measurements in a carefully controlled laboratory setting may range 
from determination of thermodynamic activities, to determination of the rate 
of the Boudouard (C-CO,) reaction, to the study of sulfide particle disin- 
tegration in a flash smelting environment. 

It cannot be overemphasized that, in the modeling of complex processes, 
mathematics can take us only so far. When inevitably we hit the wall of our 
understanding, measurements must be made. All too frequently, the modeler 
takes the easy route of making simplifying assumptions to skirt the difficulty 
and remain at the computer keyboard, rather than move to the laboratory. 
This is a mistake. Properly formulated, a mathematical model automatically 
Euides us to what we must know, in terms of properties and boundary 
conditions. What is missing must be measured. Mathematical modeling is 
often more about measurement than it is about mathematics. A wise process 
modeler uses all of his tools, including process models, to develop and 
improve materials processes. 


8.5. DEVELOPMENT OF A PROCESS MODEL 


The process of developing a process model can be divided into several stages, 
Which are illustrated in Fig. 8.2. In practice, models evolve as understanding 
improves, so there is cycling between the various steps. 
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Figure 8.2. Steps in process modeling. 


8.5.1. Problem Definition 


As in any other endeavor, success in modeling is more likely when thenéi 
clear objectives. When developing, applying, evaluating, and implement 


model, a multitude of decisions must be made, such as the choice 0 


phenomena to simplify or ignore. Each decision should be made by 

ing the exact purpose of the model, or what problem in the real world 
model is intended to help solve. Defining the specific reason for the model 
the most important step in model development. 


8.5.2. Identification of Key Phenomena 


An initial goal of the process engineer in developing a process is to identify 
rate-limiting steps and to determine how to control, accelerate, or opti 
them. The same is true of the process model. 


Before developing a process model, it is essential to have a qualitativ 


understanding of the basic phenomena which govern the process. This 
because models, at best, can only quantify that understanding and 
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insight into the interactions between those chosen phenomena. A model 
cannot identify phenomena which have been neglected. Important 
phenomena which are poorly understood, particularly those occurring at 
the boundaries, are often best treated empirically by calibrating the model 
with experimental measurements. 

To choose the phenomena to model mechanistically, the modeler should 
bring in as much process understanding as possible from all other available 
sources. The place to start is with previous literature and experience. This 
includes the insights from previous laboratory, pilot-plant, and industry 
experiments, and physical and mathematical models discussed in the previous 
section. Simple ‘back-of-the-envelope’ calculations and analytical solutions 
are invaluable as well. Scaling calculations are a crude preliminary tool to 
climinate phenomena that are unimportant. 

It is critical to identify correctly the key phenomena or rate-limiting steps 
which govern the process. Input from all process analysis tools should be 
gathered together and evaluated carefully before making the choices for this 
critical stage of model development. 


8.5.3. Approach and Model Complexity 


Next, the type and complexity of the model must be chosen. Process models 
range in complexity from simple analytical solutions to fully-coupled, three- 
dimensional transient numerical simulations. Including another phenomenon 
often adds another dependent variable (such as concentration, temperature, 
velocity/pressure, or displacement) or another material property. The 
purpose of the model should dictate what phenomena are included, and 
consequently how complex the model should be. 

The first guideline is to choose the overall model complexity according to 
the computing hardware power and time frame available. A common mistake 
is overcomplexity. Models for eventual on-line use must be kept simple, to 
run in minutes or less on small computers. Other models can afford to include 
more mechanistic phenomena, and consequently be more complex. Even 
then, the developer should consider that a model which requires several weeks 
of execution time per run on a supercomputer is unlikely to be productive, 
although it is surprisingly easy for this to happen. 

The next guideline is to model phenomena in proportion both to their 
importance to the problem and to how well they are understood mechan- 
istically. Important phenomena which are well understood are worthy of 
modeling in detail. For example, detailed simulation of heat conduction in a 
complex geometry has been the basis of many successful models. Phenomena 
which are not well understood are best left to simple empirical approximations 
based on experiments. For example, convective heat transfer between spray 
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water droplets and a hot surface is generally best modeled empirically € 
correlations from experimental data: heat transfer coefficients. 

Another guideline is to keep the relative errors about the same. There is no 
sense in modeling one aspect of the process (such as the geometric effect of the 
third dimension) to gain a 1% improvement in accuracy, while at the same 
time making a 100% error by ignoring another critical aspect of the process. 
altogether (such as transient effects, or upstream process variations). 

All process models should aim to simulate phenomena in the real w 
which is always three-dimensional. To do this, it is sometimes necessary 
discretize all three dimensions, thus producing a ‘3D model’. Often, howe 
itis possible to make reasonable approximations which avoid discretizing 
or more of the dimensions. This allows huge computational savings becaus 
in general, each dimension discretized increases the complexity of a model b 
an order of magnitude. Before including that third dimension, it is logical 
ensure that no other important phenomena are left out of the model. It is often 
easier to improve the accuracy of a model by a crude incorporation of some 
secondary phenomena than by an exact modeling of the primary phenomen 
in three dimensions. 

A process model should be kept as simple as possible, but no simpl 
Overly complex models are too difficult and time consuming to run. On tl 
other hand, simplifications which are not reasonable may lead to erroni 
conclusions that may be very costly. Thus, it is impossible to create d 
efficient model of sufficient accuracy without knowing how the model wil c 
used. Granted, this is a difficult task. 


8.5.4. Model Formulation 

Formulation of the mathematical equations to be solved is often the 
difficult of the stages in model development. Naturally, this depends on tht 
complexity of the phenomena to be modeled and on the availal [ 
commercial software packages, which can drastically reduce the time ' 
develop a model. More is said about commercial software in the next on 
but these packages should not be used without a sound understanding of th 
principles and assumptions which underpin them. 

An essential aspect of model formulation is the making of assump 
which, if it is done properly, enable us to model the important phen 
more easily and with minimal loss of accuracy. What to assume requil 
careful assessment of the process, as described earlier, and good judg 
The wrong assumptions cause us to ignore important phenomena. Too mal 
assumptions oversimplify the model, ultimately leading to greater empiri: 
and less flexibility. Too few assumptions may overcomplexify a model. 
create needless expenditure of time and money for no tangible gain. Cle: 
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the ability to formulate the best assumptions can place the mathematical 
model on track toward process development, or seriously derail it. 

A mathematical model rooted in fundamental laws and mechanisms must 
conform to the laws of conservation of mass, heat, energy, and momentum. In 
order to apply conservation, a part of the system must be isolated; and thus a 
volume element must be defined. This volume element may represent a 
significant portion of the system, leading to global balance equations. Such 
could be the case for thermodynamic models or reactor models. Alternatively, 
the volume element may have small or even infinitesimal dimensions in one, 
two, or three different coordinate directions, depending on the number of 
dimensions chosen for the model. The choice involves a balance between 
model simplicity and potential accuracy, as already discussed. 

Having defined the volume element, a balance is performed on the quantity 
to be conserved (mass, heat, momentum): 


Input through surfaces _ Output through surfaces 
of volume element of volume element 


Generation within Consumption within _ Net accumulation 
element volume volume element within volume element 


These balance equations yield the governing equations, which relate the 
dependent variables to the independent variables of space and time. In the 
case of a mass balance, the dependent variable is concentration. The heat 
balance yields temperature, and the momentum/mass balance yields velocity 
and pressure as dependent variables. 

The equations can be built directly into ‘finite volume’ models by con- 
structing an algebraic equation for each volume element. Alternatively, a 
partial differential equation form of the balance can be written, based on 
infinitesimal volume elements, and the discrete system of simultaneous 
algebraic equations derived using any of a variety of mathematical techniques, 
such as the Galerkin finite element method (Zienkiewicz and Taylor, 1988). 

The final step in the mathematical formulation is the specification of initial 
and/or boundary conditions subject to which the governing equations are 
solved. Specification of a particular boundary condition depends on the 
Phenomena occurring at that boundary and is usually relatively straightfor- 
ward. Determining the coefficients, such as for heat and mass transfer, that 
appear in the boundary conditions is much more difficult. For most processes, 
the handbooks do not contain all of the information we need. In the absence of 
Previously published data on a relevant system, measurements are required, as 
described earlier. An otherwise well-formulated process model with the 
Wrong boundary condition coefficients will yield wrong predictions. The 
same can be said for the coefficients in the governing equations and initial 
conditions. 
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Further details on the equations for modeling specific phenomena 
described in other chapters. These include thermodynamic models 
Chapter 3, mass balance and reactor models in Chapter 9, fluid flow mod 
in Chapter 7, and heat transfer with solidification in Chapters 6 and 12. 


8.5.5. Solution 
Next the model equations must be solved, generally by computer. For m 
which do not have to run on-line, it is often easiest to employ a 
purpose commercial software package to do this, as many powerful progi 
are now available. These include flowsheet programs, such as METSII 
(Bartlett, 1996) for the construction and solution of global balance equatio 
for chemical reactions, based on global balances of mass and heat. 
programs include thermodynamic databases and have been used successfu 
to model both metallurgical and chemical processes, as described in 
chapters. Software specifically for thermodynamic calculations incli 
FACT (Thompson, 1996) and THERMO-CALC (Sundman, 1993). 
Fluid flow, including 3D turbulent behavior, can be solved using any 
dozens of programs. In complex geometries, finite element software, such 
FIDAP (Engleman, 1994), has been used successfully (Najjar et. al., 1995 
For simpler geometries, finite difference software, such as FLUENT (19 
may be more computationally efficient. For stress analysis, packages y 
ABAQUS (1994) include powerful algorithms for integration of the nonli 
constitutive equations that characterize most materials processes. Most of 
fluid flow and stress analysis software can also simulate heat ti 
including complex phenomena such as solidification. These packages 
convenient user interfaces to input choices which define the model eqi 
material property data, and boundary conditions. Evaluation of res 
aided by powerful post-processing abilities built into most packages, 
color movies of contour plots of the solution variables. A 
It must be emphasized that commercial packages have difficulty solving 
complex equations which are most relevant to real processes, even 
features to model the desired phenomena are provided. For example, nui 
ical problems are often encountered when simulating multiphase bulent 
flow or free-surface movement with current fluid flow programs. ? 
As an alternative to commercial packages, it may be better to develop @ 
special-purpose program to model particular aspects of a specific proce: 
This enables unique features and a faster program which is easier to u 
Examples for the process of continuous casting of steel slabs include CONID 
(Thomas et. al., 1992) for heat transfer in the mold, and MIX1D (Thomas an 
Huang, 1994) for intermixing during a grade change. Sometimes, it 
convenient to use commercial packages to display the results of a si 
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purpose program. Software specifically designed for this task includes 
TEKPLOT (1996) for viewing 3D flow results on a regular grid and 
GNUPLOT (Williams and Kelley, 1996) for fast, simple 2D graphs on a 
variety of hardware. 


8.5.6. Model Validation 

Comparison of the model predictions with known solutions is an important 
step in model development to verify numerical integrity of the model for all its 
conceivable uses. The test problem(s) should be chosen such that the model is 
theoretically capable of an exact match with the known solution. Then, the 
values of numerical parameters (such as mesh and time step size) required to 
achieve acceptable accuracy can be clearly identified. To be most useful, the 
test problem should match the process phenomena and conditions of interest 
35 closely as possible. This stage in model development is particularly 
important for self-developed codes, to ensure there are no programming 
errors. Testing of models based on commercial packages also verifies that they 
are being used correctly. Finally, this stage of model building can also provide 
carly insights into the results, if the test problem is chosen carefully. 

Test problems generally must be simple. When validating the model during 
this stage, however, it is best to use a test problem that invokes as many of the 
features of the ultimate model as possible. For example, to validate a 3D finite 
clement model using a 1D test problem, it is best to use a single row of 3D 
elements. Even better is to simulate an axisymmetric test problem with a 
Cartesian numerical grid. In this way, a 1D solution can validate a 2D 
numerical scheme. Often, several different test problems are needed to 
validate all of the features of a process model. 


8.5.7. Comparison with Experiments 


Comparison of model predictions with experiments is a critical phase of using 
a model, once its internal numerical consistency has been verified. Important 
knowledge is always gained, regardless of whether or not there is a match! If 
the results do match experimental observations and measurements, then there 
is strong circumstantial evidence that both the model and the experiments are 
correct. This implies that the correct phenomena have been modeled, the 
assumptions are reasonable, and the constants are valid, to the extent of the 
match. Of course, it is always possible for a coincidental cancelation of errors, 
which must be carefully guarded against by comparing with as many experi- 
ments as possible. 

If the model predictions do not match the experimental measurements, 
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then something is wrong with the model, its input data, or the experim: 
themselves. In every case, there is an opportunity to learn something. 

Sometimes, it is possible to identify a phenomenon which is responsible fo 
the mismatch. If this phenomenon can be accounted for quantitatively in th 
model by changing only a few parameters, then the model can be ‘calibrated? 
to the experiments by choosing value(s) for the parameter(s) that make the 
model achieve the match. 

Consider, for example, an on-line 1D heat conduction model of continuous 
casting to trouble-shoot the origin of cracks which form at the solidificatio 
front and to optimize cooling water flow rates in the spray zone. The h 
transfer coefficients may be obtained as a function of water flow rate using 
careful laboratory experiments. Suppose that validation of this model usin 
plant data reveals that the model overpredicts the ‘metallurgical length’ of the 
strand, which is the distance below the top of the mold where the steel fir 
becomes fully solid. Further comparison with a 3D version of the model on; 
supercomputer yields similar results, proving that the 1D assumption is n 
the problem. (This could also have been shown through simple 
calculations.) The problem with this model is neglect of the tremendo 
enhancement in heat transfer through the liquid phase which is produced by 
the turbulent flow inside the solidifying steel strand. Considering the purp 
of this model, it is unjustified to include a mechanistic treatment of the liq 
phase, even though this could be done. Instead, the ‘effective’ 
conductivity of the liquid can be increased until the model predictions ms 
the experiments. The resulting ‘calibrated’ model can be implemented at tl 
caster to make reliable, quantitative predictions so as to avoid cracks. For 


coupled model of turbulent flow, heat transfer, and solidification, w 
would be too slow and complex to run at the caster. 4 
Another possibility, if experiments and model predictions do not match, it 
that one (or more) of the model assumptions is wrong. For example, wh 
attempting to use a coupled thermal-stress model (as an off-line lit: ri 
model) to simulate the formation of a particular surface shape defect, it 
found to be impossible to match any of the facts known about the 
through plant experiments. Checking all of the model assumptions, the 
one that seemed highly questionable was the assumption of uniform 
extraction. The model was therefore improved to vary heat extraction 
accounting for the lower heat flow across wider interfacial gaps. It was 
possible to match the experimental trends (Moitra and Thomas, 19 
Furthermore, the original simulation suggested that the defect might be 
avoided by finding a means to make the heat extraction more uniform. Th 
example is offered to show that hypothesis testing using the model tog 
with experimental measurements is a good way to gain insight. 
Finally, when comparing with experiments, it is important to model 
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experiment exactly. Even though the experiment might not match the process 
as intended, it is still of value to model validation, so long as the conditions and 
results are measured accurately. For example, the steel shell thickness 
predicted by a solidification model of the continuously-cast strand might not 
match that measured from a ‘breakout shell.’ This could be due to conditions 
unique to the breakout, such as the extra solidification during the time taken 
for the molten steel to drain from the rupture in the shell. Proper accounting 
of special effects such as these could enable the model predictions to match the 
breakout shell (Moitra and Thomas, 1993). Appropriate changes would be 
made for subsequent use of the model to simulate standard casting conditions. 
Every experiment has its own potential pitfalls, which should be investigated 
carefully. 


8.6. MODEL IMPLEMENTATION 


Hopefully, a better understanding of how models are implemented in practice 
will lead to more effective model implementation and avoid the all-too- 
common waste of models that are never implemented. The ultimate goal is 
not to model, but to develop a process. 


8.6.1. Definition of Model Implementation 


A model has been ‘implemented’ only after the modeling exercise has led to 
some tangible change in the process, that ultimately benefits the industry. 

To understand this definition, it must be recognized that the principal aim 
of industry is to make a profit. In materials processing-based industries, two 
possible ways to help do this are to improve product quality and to reduce 
production cost. 

One way to improve quality is to eliminate defects. Thus, a reasonable 
objective for a process model could be to eliminate some defect by specifying 
achievable changes in the process. Note the two key terms: eliminate the defect 
and achievable changes. 

Many process modeling efforts aim to predict the occurrence of some kind 
9f defect, such as segregation or impurities in the product. These models may 
provide valuable insight into the phenomena that underlie the formation of 
the defect. Before it is truly useful, however, this phenomenological under- 
standing, which is often gained only by the modeler, must be translated into 
beneficial process changes, such as actually eliminating the defect. 

The second point is that process changes need to be achievable. Thus, 
models should first identify input and output variables that can be changed in 
the plant. Another pitfall to avoid is running the model for conditions which it 
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is not feasible to achieve in practice. If the model is too complex for anyo 
else to rerun, then the potential implementation has been lost. " 

Changes to the plant process can be classified according to the time need 
to effect them. *Design variables' are relatively difficult and time-con 
to change. Standard operating practice, or ‘SOP,’ variables refer to the 
points of process variables that are relatively easy to change. “i 
variables’ change rapidly with time, to accommodate variations in ir 
conditions (both accidental and intentional) and customer demands on | 
product. 
In continuous casting, for example, mold geometry and roll spacing. 
design variables, that require major, expensive plant reconstruction to chan 
SOP variables include mold water flow rate and tundish level, which are 
desired levels. Slide gate opening position is a control variable that 
continuously to maintain a constant liquid level in the mold. Depending. 
the availability of on-line models, some variables, such as casting speed, c 
either be set at SOP levels or controlled to adapt to variations in the proc 
(such as slowing down casting speed temporarily to avoid an impendi 
breakout disaster). Upgrading SOP variables to control variables has obviot 
advantages for improving the process operation. 

For a model to have any impact in industry, it must be implemented. 'Th 
above definition of model implementation requires that changes take place it 
the plant. If nothing ever changes as a result of the modeling, then the enti 
exercise has been wasted. This reasonable definition sets a demanding 
for the evaluation of most models reported in the literature. The rest of 
section explores how process models are implemented according to thii 
definition, and comments on the implications for process modelers. 


8.6.2. Ways of Implementing a Model 


‘There are many paths to model implementation, illustrated in Fig. 8. 
Process models are classified here according to how their results are 
mented into practical process changes: 


Fully on-line models 
Semi-on-line models 
Off-line models 
Literature models 


On-line models implement beneficial change in the plant directly. Off- 
and literature models contribute to process understanding, leading to imp 
mentation by others. Semi-on-line models lie somewhere between. The 
sections further define and examine how each type of model is implement 
in order of its immediate impact in industry. 
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PLANT 
Process ——————» Product 


Figure 8.3. Flow chart for the implementation of process models in industry. 


8.6.3. Fully On-line Models 


Fully on-line models are part of the computer system controlling the process 
at the plant. They obtain their input data directly from the system (which has 
access to the relevant sensor signals) and make direct changes to specific 
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control variables, possibly under the supervision of an operator. Fully on-li 
models represent the pinnacle of model implementation, as the model its 1 
implements change in the plant on a continuous basis. 

For example, the spray water system on a slab casting machine is general] 
controlled by a fully on-line model. The model is typically designed to deli: 
the same total amount of water to each portion of the strand surface, changi 
the flow rate to account for variations in the casting speed history experi 
by each portion as it passes through the spray zones. 

Another example isa breakout detection system, which predicts when thei 
is danger of a ‘breakout’ (where molten steel escapes the solidifying shell 
drains over the lower portion of the continuous casting machine) and 
down the casting withdrawal speed to prevent this from happening. 
model continuously analyzes the temperature signals from thermocoup 
embedded throughout the mold and searches for patterns, such as low to 
heat flux (Gilles, 1981) or moving temperature inversions (Itoyama et 
1988), that are associated with an impending breakout. 

Fully on-line models must be extremely fast (to run in real time) and 
(to produce reasonable output for any input condition, including signals 
bad sensors) These needs require that the model be extremely 
consisting only of logic and a few basic equations that have been thoro 
tested to be reliable. 

The demands for reliable accuracy are higher for on-line models than fo 
any other type of model. Meeting this need first requires detailed knowled 
and understanding of that aspect of the process being controlled. If the mod 
is designed to prevent a defect, for example, then the exact nature of 
formation of the defect must first be understood. In the case of bre: 
detection systerns, for example, the relationship between th co 
signals and the unusual sequence of events that accompanies solidificatio 
prior to a sticker breakout has been determined through extensive plant 
pilot-plant experimentation (Gilles, 1981; Itoyama et al., 1988). 

In addition to containing an accurate qualitative understanding, the mode! 
must also be quantitative. This generally requires extensive calibration at tl 
particular plant in question. In the context of our example, the u 
magnitude of the critical temperature inversion must be built into the mod 
or else the breakout detection system could generate costly false alarms (if th 
model value were too low) or allow breakouts (if the value were too high). 

Generating the knowledge needed, and refining it into a few 
equations, is the most demanding part of fully on-line model develop 
Fortunately, the model need only produce accurate results for the limited 
of process conditions at a particular plant. Therefore, the equations may b 
based on curve-fits of the results from plant, pilot-plant, physical model, 
laboratory-scale measurements, or even sophisticated numerical experii 
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task (Middle and Khalaf, 1995), In whichever way, the fundamental knowl- 
edge is incorporated into simple empirical relations and constants. 

Implementing the model into the plant requires extensive work to install 
and maintain sensors, data acquisition, and interfacing computer systems to 
link the process with the computer model. This is a very time-consuming and 
expensive undertaking, so it is critical that the model is sufficiently beneficial, 
accurate, and robust to be worth the trouble. 

Fully on-line models deal with control variables, by definition. These 
models transform an SOP variable into a control variable, enabling significant 
process improvement. With better process understanding, more SOP vari- 
ables can be transformed into control variables through the use of fully on-line 
models. This enables savings in operator time and improved productivity and 
product quality by faster and more consistent adaptation to changing process 
conditions. Universities can contribute to this effort by helping to develop the 
understanding and simple basic principles that form the heart of these models. 
In this regard, intelligent control systems, such as the intelligent mold 
(Brimacombe, 1993), have great potential benefit to industry as fully on-line 
models of the future. 


8.6.4. Semi-on-line Models 

Semi-on-line models are similar to fully on-line models, except that a plant 
operator or process engineer interfaces between the model and the process to 
determine what action is to be taken. This is an important distinction in 
practice that affects the nature of model implementation and the features 
required of the model. These models are best suited to help set optimum levels 
for SOP variables, which need less frequent change than control variables. 

A typical semi-on-line model runs on a stand-alone personal computer on 
the operator's desk. For example, in a continuous casting process, such a 
model might be used to indicate the optimum places to cut the strand during a 
grade change, in order to minimize the amount of intermixed steel that must 
be downgraded (Thomas and Huang, 1994). Each time a new ladle is tapped 
that involves a grade change, the operator inputs the relevant current process 
conditions and grade specification limits for that customer, runs the model, 
and interprets the output to decide where to cut the strand. 

A semi-on-line model could also act as a tool for trouble-shooting and on- 
the-spot problem solving. For example, a fully-calibrated, 1D heat-transfer 
model of a continuous slab caster could be used to determine which rolls to 
change or realign in order to solve certain types of cracking problems. It does 
this by calculating the shell thickness as a function of distance down the 
strand. Misaligned or worn rolls can generate certain types of internal cracks 
by straining the weak solid at the solidification front. The initiation point of 
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these cracks, measured on a sectioned sample of the slab, corresponds to. 
location of the solidification front at the time the crack was formed. For th 
model to be effective, it must be calibrated for the different grades and castin 
conditions at that plant. In addition, the operator must have access to tl 
metallurgical results and knowledge about the cracks. More advanced sen 
on-line models, such as the expert system of billet casting developed b 
Brimacombe and coworkers (Brimacombe, 1993), make this analysis e 
easier, and supply useful knowledge to solve other types of problems as 
Sometimes, a good, well-calibrated model can be implemented in more 
one way. For example, the 1D heat conduction model just discussed could al 
be applied to optimization of cooling water flow rates in the spray zone 
continuous slab casting machine in order to achieve a desired tem 
history for the steel surface and thereby avoid surface cracks. 
Semi-on-line models have many attributes that are similar to fully on 
models. Both must run very quickly (a decision is often needed withii 
minute) and make quantitatively accurate predictions, thus requiring exten 
sive model calibration at the plant. In both cases, the potential benefits fr 
the model are controlled by the extent to which the phenomena governin 
process are understood and properly quantified in the model. 
In comparison with fully on-line models, semi-on-line models are bett 
suited to modeling complex phenomena. This is because the operator ci 
respond to information and circumstances unforeseen by the model to mal 
better decision. It is also easier for the operator to learn from the semi-on- 
model, which serves as a valuable means of technology transfer between | 
model developer and the plant operator. The semi-on-line model i 
substantially less effort to implement into the plant, as fewer co T 
automation and interfacing systems are needed. It is consequently mi 
easier to change the model, to modify or add new knowledge and capabi 
An important feature of semi-on-line models is that they must be e 
run and have a very ‘user-friendly’ interface with the operator. Devel 
this interface is one of the difficult tasks which separates these models from: 
others. Semi-on-line models which prove to be worthy might eventually b 
implemented as fully on-line models. The semi-on-line stage provides tl 
opportunity to learn about the process, and optimize the model by d 
ing all of the essential minimum number of input variables, in 
refining its accuracy and robustness. 


8.6.5. Off-line Models 
Off-line models are used by process engineers and designers (in the plan ; 
research, quality control, etc.) to gain personal insights and understandin 
about a process. The model results are then implemented in the plant bj 
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developing new designs or changes to standard operating practices. These 
models are not as immediately beneficial as on-line models, because off-line 
models at best can only help to prevent a problem from occurring the next 
time. More importantly, model implementation relies solely on the model 
user. 

To implement beneficial changes, the user of an off-line model must have a 
thorough understanding of both the process and the model. The model 
developer should make it clear (through the user manual) what the model 
assumptions are. To generate the process understanding, Fig. 8.3 illustrates 
how the off-line model is just one of the tools that can be used. Model results 
are implemented in combination with the user's personal knowledge obtained 
from plant, pilot-plant, physical model, and laboratory experiments, and 
previous literature and other sources. 

As shown in Fig. 8.3, the process understanding gained from all of these 
sources can help a process engineer to implement positive changes in the 
plant. This can help to avoid the dangerous short cut, also shown in Fig. 8.3, 
of implementing changes in the plant on the basis of trial results without 
understanding the process. 

Off-line models can help to provide insights in many different ways. They 
can correct misconceptions about the process, by quantifying phenomena 
(such as internal temperature and flow patterns) that the process engineer has 
never seen or measured. The model can also be used for hypothesis testing, by 
putting numbers on a hand-waving argument. For example, a qualitative 
mechanism may be suggested to explain some observed event in the plant. A 
process model could quantify the mechanism, which can then be reevaluated 
based on how closely the model results match the expected behavior. 

Generally, the next stage of implementation is to design plant trials to test 
the expected improvements. Off-line models can help in this experimental 
design. They are most useful when the plant trials are very expensive. This is 
certainly the case when developing a new process. Tracking the effect of a 
process change on the incidence of a defect in an existing process may also be 
expensive. This is because it is usually impossible to control plant experi- 
ments very well, so that the results are statistical; this situation demands long 
trials before a conclusion can be made with confidence. Off-line models are 
also important to understanding the results of plant trials. 

Another stage of implementation is finding the ‘optimum’ way to run the 
Process to save money. Parametric studies or ‘numerical experiments’ with an 
off-line model can play an important role in this regard. For example, the 
model of intermixing during a grade change discussed previously could be 
used off-line to investigate how to minimize the amount of downgraded steel 
created. The process engineer could learn by running the model that draining 
the tundish to a low level before opening the ladle and decreasing the casting 
speed during the grade change would shorten the downgraded length. Further 
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investigation would be required to determine whether the slowdown iz 
production to save this amount of downgrading is cost-effective. If beneficial, 
the new practice could be implemented in the plant through changes in the 
standard operating practice. 
. Off-line models should be easy to use, leaving time for the user to pursi 
insights using other tools and to implement the results. Rapid turnaround 
time between model runs is also important to attain the immediacy needed | 
understand the behavior of the model. Although commercial packages are tl 
most popular framework for off-line models, they only barely satisfy 
requirements. If a process model is too difficult to use, it may be easier tc 
obtain the needed knowledge another way, such as through experiments, or 
even trial and error in the plant. y 
To help implement changes, off-line models must be able to si 
process situations outside the scope of prior experience. Thus, the n 
should be as mechanistic as possible, with its roots grounded solidly in 
fundamental principles, as illustrated in Fig. 8.3. Properly incorporating tl : 
phenomena which govern that aspect of the process being modeled allows tl 
model to make reasonable predictions for new conditions. This enal 


It also makes model validation and calibration with experiments easier. 
Unfortunately, the same sophistication that enables off-line advances 
understanding also tends to complicate and slow down the model. This m 
the model difficult to use on-line. Sometimes, a simplified version of an o 
line model can be developed for on-line use later. 


8.6.6. Literature Models 
Literature models are defined here as off-line models which are used only b 
the person(s) who developed the model. Furthermore, the modeler has 
direct contact with the process (working generally in a university or rese: 
environment). The only direct way for these models to be implemented (i 
they are implemented at all!) is by someone else using the reported results. | 
At their best, literature models can act as off-line models, possibly sav 1 
process engineer time in developing and running a very complex 
Moreover, the literature model can afford the luxury of long computing 
(even a week on a supercomputer) and so may include more of the pheno 
which govern the process. 
As with the off-line model, the knowledge and insights gained by the 
process engineer are more important than the model itself. Iris 
important that conclusions from the model be communicated clearly. 
more practical and specific the insights, the easier for implementation. It i 
perfectly reasonable to combine the modeling results with experimental 


Process modeling 277 


results, physical models, and plant data, perhaps found in existing literature. 
The aim is to present as complete an understanding as possible to the person 
reading the paper. Ideally, the process engineer can search the literature to 
learn how to solve his specific problem and implement a course of action in the 
plant, in a similar manner to a doctor diagnosing and treating a patient. 

Because the modeler and user are the same person, significant short-cuts in 

developing the user interface of the model are permitted. Of course, this 
usually makes the model too complex and *user-vicious' to be run by anyone 
else but the modeler. 

A key attribute of the literature model is that there is no opportunity for the 
process engineer to rerun the model. All of the parametric studies must be 
done by the original author. For the results to be implemented, it is important 
that the modeler make reasonable assumptions regarding both the phenomena 
included in the model and the input conditions adopted in parametric studies. 
To do this, the modeler must obtain a good understanding of the process, 

The implementation value of a model is less when it merely echoes knowl- 
edge already known through plant experience or other means. Its value is 
negative when it contradicts some of that knowledge and fails to explain why. 
Particularly for well-established processes, there is a great deal of knowledge 
already in existence. To ensure a positive contribution to industry, this prior 
knowledge should be taken into account. Well-studied processes generally 
require more sophisticated models for the contribution of new knowledge 
than early models of a new process. 

To be useful to industry, the results are best presented in the form 
recommended by Herbertson and Austin (1993) in Fig. 8.4. In this figure, 
‘you’ refers to the process engineer, so ideally the y axis should relate to some 


Something you care about 


Something you can control 


Figure 8.4. Graph containing results that can be implemented. 
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aspect of quality or productivity. The x axis should contain a design 
operating variable which can be changed in the plant. 

The modeler should avoid presenting results in terms of intermedi: 
variables, which are difficult to control, or even measure, in practice. Fo 
example, it is natural to use a model to find the desired heat flux or he: 
transfer coefficient needed to optimize some aspect of a given process. This 
not as useful as specifying the actual fluid flow rate needed to achieve this 
transfer condition for the specific process under consideration. 

The quality of presentation of the results is independent from the 
accuracy. Potential weaknesses of a model should be identified, in addition te 
its strong points. It is also useful to point out when the results are known. 
form upper or lower bounds to the true behavior. To increase the credibili 
of the entire modeling community, it is the responsibility of each modele 
continually strive for accurate modeling conclusions, by understanding th 
process of interest and validating the model. 


8.7. SUMMARY 


The rapid development of computer hardware and software over thm 
decades has made the mathematical model a key component in proa 
development. This chapter has presented some guidelines for the develo 
ment and implementation of process models. r 

A successful model must have a purpose, which dictates how choices at 
made during its development. Reasons for modeling include incre: 
process understanding, helping with the design of experiments, evaluation o 
experimental results, scale-up, quantifying property measurement, on-lin 
process control and optimization, and technology transfer. 

Modeling must be accompanied by careful measurements as need 
whether they be made on an operating industrial process, a pilot plant, à 
physical model, or a laboratory apparatus. The process model must be viewed 
as one of the many tools of the process engineer, which also includes p 
literature and experience. 

Models are implemented when they lead to beneficial changes to plant 
operation. This is most likely when the model is explicitly targeted at ei 
standing how particular design, process, or control parameters can be changed. 
to affect specific quality or productivity variables. Models range in complexity. 
from simple empirical models, suited for on-line implementation, to soph 
ticated mechanistic models which can be used for in-depth off-line analysis. 
When properly formulated, process models can yield insights into proces 
behavior that cannot be fathomed by other means, and lead to si 5 
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predictions are analyzed carelessly, great harm can be done. Successful 
modeling requires understanding of both the industrial process and the 
computer model. The process engineer has the responsibility to ensure that a 
process model adequately represents a system and interprets the results 
appropriately. 
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9.1. INTRODUCTION 


In a metallurgical reactor usually at least two phases are involved: gas-solid, 
gas-liquid or liquid-solid (Koros and Pierre, 1991; Rosenqvist, 1983; Tien 
and Elliott, 1981; Turkdogan, 1980). Heat and/or mass is transferred from one 
phase to the other (Szekely and Themelis, 1971; Themelis, 1995). Since 
capital costs depend on the reactor volume, it is important that the contact 
area between these phases per unit volume is large. Usually productivity is 
determined by mass and/or heat transfer at this contact area at high 
temperatures, not by chemical reaction rates. 
There are two main idealized types of reactors (see Fig. 9.1) 


* Batch reactors, where the variables that describe the state of the reactor 
change with time (Alcock, 1976; Oeters, 1989) 

* Continuous steady-state reactors, where the variables do not change with 
time (Perry and Green, 1984) 


For both reactor types, variables that describe the state of the reactor may 
change with position in the reactor. 

However, in this short chapter it would go too far to deal with systems 
where the variables such as concentrations and temperatures change with both 
time and position. To illustrate the behavior of batch and continuous reactors 
as simply as possible, examples are taken from refining of metals where a small 
amount of a dissolved impurity is to be removed. In these systems simple 
approximations for the mass balances may be employed. Also the thermo- 
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a) Poele c) 


Figure 9.1 Three main types of reactors: (a) completely mixed batch rea 
(b) piston flow reactor; (c) completely mixed continuous reactor. 


dynamics may be relatively simple: the impurity obeys Henry's law ( 
1973). 

With low capital costs and high reactant utilization in mind it is import t 
that there are no ‘dead volumes’ in the reactor. The ‘residence time" | 
continuous reactors should be the same for all parts of a phase fed into tl 
unit. If the residence time is too short, then the reactants are not fully utiliz 
(converted), while too long a residence time only serves to ‘fill up the reactor 
after conversion is completed. In a continuous shaft furnace (Biswas, 1 
rotary kiln, or fluidized bed (Davidson et al., 1985), solids of the same size 
composition (pellets, for instance) should ideally be exposed to the 
conditions (gas composition and temperature profiles). Complete conversion 
would then take place in time z and the residence time should be equal to r. Ii 
the design of reactors we seek to attain this ideal. Then, at least as a first 
approximation, such reactors can be described in terms of the time ¢ elap: 
for an element moving along the length, z, of the reactor (or alternati! 
employing z or a concentration or temperature as independent variable). V 
call this a linear reactor and, if the residence times are nearly the same, 
‘piston flow’ reactor (Szekely, 1966). Often we are very far from the ideal © f 
piston flow. This is discussed at some length. 

The gas or liquid may move in the same direction as the solids (co 
flow) or in the opposite direction (countercurrent flow). To give a 
utilization of reactants and efficiency of heat transfer, countercurrent 
reactors (such as the blast furnace) are used. Countercurrent reactors 
discussed in some detail in this chapter. It is seen that heat and mass transfe 
can be described in terms of rate equations that are very similar, 
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9.2, PRINCIPLES OF REMOVAL OF DISSOLVED 
ELEMENTS AND PARTICLES IN REFINING 
REACTORS 


As mentioned, refining reactors are treated in order to illustrate in a simple 
manner important points in the analysis of metallurgical reactors (Coudrier et 
al., 1985). 

In a refining reactor dissolved impurities and unwanted particles (inclu- 
sions) are removed. The methods available for removal of dissolved impurities 
may be listed as follows (Engh, 1992). 


e The impurity X reacts with a second phase that may be solid, molten, or 
gaseous. For instance, sodium is withdrawn from molten aluminum by 
burning with oxygen in the air at the bath surface. 

e X is transferred to another phase—not soluble in the molten metal—where 
X has a high solubility. An example from steelmaking is the transfer of 
sulfur from molten iron to slag (Nilsson et al., 1994). For aluminum this 
mechanism often is undesirable. Thus sodium is ‘picked-up’ from the 
cryolite in the Héroult-Hall cell (Grjotheim and Welch, 1988). 

* X reacts with another element added to the melt. A well-known example is 
the reaction of chlorine bubbled through molten aluminum (together with 
argon) with sodium. The reaction product, whether solid, liquid, or 
gaseous, has to be removed from the melt. This removal may be produced 
by the effect of gravity or buoyancy forces, inertial forces, or forces 
generated by stirring the melt. 

* An electric potential is applied to separate X and metal by electrolysis 
(Claessens and Harris, 1990). 

* The molten metal is allowed to solidify partially or a solid is partially 
melted. X is enriched in either the solid or liquid phase, and this phase is 
removed (Lux and Flemings, 1979). 


All the methods outlined above are applied industrially. The last method is 
only used for special high-cost materials. The last two methods are not 
discussed here. The first and third, closely related, methods are widely 
employed. The essential point is that the impurity is transferred from the 
molten metal to another phase. 

The principles for removal of inclusions are very similar to those applying 
to dissolved elements. The main difference is that the particles often are not 
transferred into the other phase but only enter or approach the interface 
between the molten metal and the other phase. For instance, the inclusions 
May stick to the walls of a ladle, holding furnace, or filter (Raiber et al., 1995) 
or they may rise to the surface or settle to the bottom of the melt. 

An impurity element can never be eliminated completely from the metal. 
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The sodium content in aluminum may be as low as one part per million, 
"Though low, this level may still play a role in determining the physical and 
mechanical properties of the final product. j 

What determines the final levels of an impurity in a melt? Is it th e 
equilibrium between the impurity content in the metal and in the phase that 
is extracting the undesirable component, or is it mass transfer? Whatever th 
case, some impurity will remain. 

If removal is determined by mass transfer, the rates are governed by 
contact area between the two phases and by the driving force. In the mos 
favorable case the driving force is proportional to the concentration x. We 
realize that as x is reduced in a batch melt, removal becomes slower an 
slower, Thus a fundamental problem is that the time required may be so lon 
that the cost becomes prohibitive. For continuous reactors we find that thi 
situation becomes even worse. ) 


9.3. KINETICS AND MIXING 


Chemical reaction rates increase strongly with temperature (Ward, 19 
The Arrhenius and Eyring (Glasstone et al., 1941) relations tell us that 
increase roughly exponentially with temperature. Thus, in purificatio 
operations involving molten metals at high temperatures it is 
assumed that chemical reaction rates are not rate limiting. 

Intuitive reasoning suggests that reaction rates are speeded up by incre 
stirring or *mixing.' This is only partly true, as seen in the following. ir 
may be performed by the use of mechanical stirrers, oscillating ladles; 
stirring (bubbling), electromagnetic stirring (Szekely, 1979), pouring 
one ladle to another (Perrin process), and pumps. Electromagnetic g 
and mixing by pumps seem to be interesting fields for molten metals, thou 
they may not have been properly explored as yet. Stirring by gas is common 
employed (Lehner et al., 1991). A porous plug or lance is often use 
However, they often do not give a sufficient metal-gas contact area. Therefo 
rotors or impellers—usually of graphite—have been developed that both 
the melt and produce small bubbles that give a large contact area (Nagati 
1975). 

In the following it will be assumed that mixing or stirring is sufficient 
give the same concentration of dissolved elements and inclusions throug 
the bath, so that concentration does not depend on spatial coordinates. 
even though the diameter of the impeller is, for instance, only 1/4 of the. 
vessel dimensions, one cannot detect differences between concentrations 
the impeller and near the walls. Such a unit is called a backmix tank (sei 
Fig. 9.2). 
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Bex 


Figure 9.2 Continuous backmix tank (where melt is completely mixed). 
Surface area of bubbles is Ap. 


At the interface between two phases, such as metal and gas, movement is 
along the interface and not normal to it. Now the main mechanism for 
transport of a dissolved element or an inclusion is no longer convection or 
large turbulent eddies. Instead, transport of dissolved elements to a large 
degree must depend on the slow mechanism of diffusion. The mass transfer 
coefficient for the melt, k, may be estimated by relations of the type found in 
penetration theory (Bird et al., 1960): 


k —- (DJ)? (9.1) 


where D is the diffusion coefficient and t is the residence time of the melt at the 
interface. 

Often the product of & and the contact area A determines the kinetics of the 
purification process. This is the case when kA is too small to allow equilibrium 
to be reached. For transfer between two phases we must in general account for 
the resistance to transfer on both sides of the interface. In this case a ‘total’ 
mass transfer coefficient, kon is introduced that takes both resistances into 
account. At a gas-liquid interface kor is usually determined by & for the liquid 
boundary layer (Engh, 1992). 

Let us take removal of sodium from molten aluminum as an example to 
illustrate the kinetics involved. Then the mass of sodium transferred per 
second, Mya, is given by 


Mya = 


pA (o o 
109 [Na] — [%Na].) (9.2) 
Where p is the density of the aluminum melt. In accordance with the usual 
practice in refining metallurgy, concentrations are here given in units of mass 
percent. [%Na]. is the hypothetical concentration in the melt in equilibrium 
With sodium in the other (extracting) phase. For instance, if inert gas is used to 
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purge sodium from the melt, then 


(9. 


[%Na], = 


Kis 


where K is the constant for the equilibrium between sodium in the melt ar 
sodium in the gas phase; py, is the partial pressure of sodium vapor in th 
bubbles; and fya is the activity coefficient. 

Notice that [%Na] — [%Na]. in Equation 9.2 is the driving force 
transfer of sodium to the bubbles. In fact the vapor pressure of sodium j 
only moderately high, so that soon the bubbles become saturated wit 
sodium. Then [%Na]. a: [%Nal] and the driving force for removal approache 
zero. 

If a reactive gas such as chlorine is present in the purge gas, then [?6Na], 
determined by the equilibrium. 


Na 4-1Cl; = NaCl (9.4 
This reaction is completely displaced to the right so that [%Na], in Eq z 
9.2 is effectively zero. This assumption is employed in the following. It is al " 2 3 4 5 6 7 B 9 
used for the bath surface where sodium burns with oxygen in the air. Thi 
reaction is also displaced far to the right. i X 7 P(KyA g* K,A ) UM 


Figure 9.3 Ratio between concentration [Xx] and original concentration [76x], 
as a function of X = p(k,A, + k,A,)t/M. For continuous reactors, t replaces t. 


9.4. BATCH AND CONTINUOUS REACTORS 


where [?6Na], is the concentration of sodium in the melt that enters the tank, 
and [%Na] is the concentration that leaves the tank. 

The concentration drops exponentially as illustrated in Fig. 9.3. y and ks 
increase somewhat with the circulation velocity. However, the most effective 


Batch and continuous reactors are compared using examples from the 
of aluminum. Batch reactors are common in foundries, while cont 
reactors are widely used in the cast-house in the primary aluminum it 


We may set up the following mass balance for sodium in a batch backmix t measure that can be taken to reduce [%Na] is to increase the bubble melt 
Reduction of sodium in the melt contact area, Ap. —— J 
= sodium removed by chlorine in bubbles and by oxygen in the air Figure 9.2 schematically shows a continuous reactor where the volume and 
1 contact areas are the same as for the batch reactor. M is the mass flow of 
or t molten aluminum through the reactor. A mass balance, taking sodium as an 
M (AN; %Nal 0% 3 7 example, in this case gives that the left-hand side of Equation 9.5 is replaced 
Mi [ Y s] nds Td ] thoa Ha) (9.5) by (M/100)([%Nal; — [76Na]). One obtains 
LONE ue nsfi [%Na] _ 14 A + kiA, ns (9:7) 
coefficients for bubbles and melt surface, respectively; and A, and A, are the [ANa]; |. M E 
respective contact areas. 
Discarding the common factor 1/100 and integrating, one obtains Equations 9.6 and 9.7 are compared in Fig. 9.3—employing x for concentra- 


tion in indicating the functional forms. It is seen that removal is much poorer 
in the continuous reactor, especially at low ratios [%x]/[%x];. It may be 
fruitful to speculate a little regarding the above result. Removal rates are 


[%Na] 


[ANa]; ~ exp(— ps Als + kA, )t/M) 
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proportional to concentration. When we mix an input [%x]; into the ba T 
tank, the concentration is reduced from [%x]; to [Vox]. Thus we have los} 
thermodynamic driving force for removal. 

Nevertheless, there are many reasons for employing continuous p 
systems. Batch processes are messy and labor-consuming owing to the 
discontinuous operations of filling and tapping the refining ladle. Also, th 
are difficult to instrument and control owing to the inherent time depen: 
involved. How then can a continuous reactor be improved compared 
batch reactor? The answer is to allow the driving force to drop only in st 
steps. Then the high initial [76x] is diluted only in small volumes. 
attained by having a number, N, of backmix tanks in series. It will be showi 
that if N — co, Equation 9.6 applies in this case if t = M/M (based on to 
volume) is inserted for t. It may be mentioned that N — co corresponds to 
piston flow reactor where the metal flows with residence time c. It will be seer 
that a deep bed filter—for removing particles (inclusions)—behaves like | 
piston flow reactor. In the cast-house the ideal of a piston flow reactor i 
approached by using a number of backmix tanks in series, in practice 
three tanks to remove sodium and hydrogen in aluminum, four fo: 
(@ymo et al., 1994) or recently even five (Waite and Thiffault, 1996) i 
aluminum. 

For N tanks in series it is found by repeatedly using Equation 9.7 
indices 1, 2 refer to the first and second tanks and so on: 


[%x] [vox], [ox]; [%x] 


[%x]; a [%x]; [Vox]; [%x]y-1 
"Thus if all N tanks have the same contact areas, 
Dx] _ (, , pss bo)" 
[7:00 ( MN ) E 


Note that the contact areas in each tank are 1/Nth of the total contact area. 
For instance if p(k,A, + &y45)M = 3and N = 3, 


De] (1,3)? 1 
[Vox] 3 8 
while for the piston flow reactor 


CENE TELS ER 
pacem he mon 


Thus it is seen that if very low impurity levels are required, even three 
backmix tanks in series can not compete with a piston flow reactor. Here the 
melt residence time, t, in the reactor has been introduced, t = M/M. 
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To show that Equation 9.8 for N — oo reduces to Equation 9.6 with z 
replaced by t, one may take the logarithm on both sides of Equation 9.8: 
[Na] _ plk,A, + by ) kd 
mN "Pt N 


For large N, then 


PA. kob) _ 
MN 


In(1 4-5)" = -N In(1 +9=-N(e-5--) 


(kA + koAn (Rudy + boy) 
p n; =-p M 


e<l 


= -Ne= 


9.5. CONTACT AREAS 


To illustrate how contact areas are obtained, the melt-bubble contact area is 
determined. The melt-bubble contact area A, for monosize bubbles of 
diameter d is 


Ay = id’ ty 


where # is the number of bubbles produced per unit time. 
ñ is given by the gas flow rate Q in m? s^! (SI units are employed) 


give 
Ae (9.9) 


where H is the bath height above the gas inlet point and v, is the rise velocity 
of the bubble relative to the reactor walls. Equation 9.9 shows that the contact 
area is inversely proportional to bubble size d, proportional to the gas flow rate 
Q and depth H, and inversely proportional to bubble rise velocity vp. 
Equation 9.9 is easily generalized to the practical case where we have (an 
often wide) distribution of bubble sizes. The most important point is that the 
Contact area is inversely proportional to d. This remark applies also for liquid— 
droplet, gas-solid and gas-droplet systems if d is taken as the characteristic 
dimension of the droplets or solids. 
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THE RESIDENCE TIME DISTRIBUTION 
FUNCTION 


9.6. 


It is evident that in general elements of fluid or particles passing thro 
continuous reactor require different lengths of time to pass through the vessel 
Some elements of fluid passing through a backmix tank will have a very sho 
residence time while others will stay for a long time. As shown in the pi 
section for the removal of sodium from an aluminum melt, this leads to p 
results compared to piston flow, where all elements have the same ri 
time t. It is clear that it is necessary somehow to characterize the flow thro 
a reactor. It will be seen that the minimum information required concernir 
the flow is given by the residence time distribution function f(t). T] 
following definition may be given for f(z): 


(t) At = fraction of the feed that resides in the reactor E. 
a time between t and 1 + At E 


It is found that f(z) is especially useful when calculating the conversion € 
solids in reactors such as a shaft furnace, rotary kiln, or fluidized bed. 
reason for this is that the solids may have kinetics that strongly depend on t 
residence time z in the reactor. 

In principle f(z), at least for fluids, could be obtained from extensiv 
numerical calculations of fluid flow in the reactor. However, hitherto it 
been more practical to determine f(t) from tracer measurements (Engh et a 
1971a,b, 1973). A tracer may be defined as an inert addition at the inlet thi 
may be measured at the reactor exit and that flows through the reactor in th 
same manner as the feed. The mass of the tracer is small compared to the toti 
mass in the reactor. 

To illustrate how f(r) may be obtained from the tracer concentration c(t) i 
(kg tracer)/kg at the exit, let us study a continuous backmix tank. m kmoles | 
tracer is added to the inlet at time t = 0. It is assumed that the tracer 
instantly mixed evenly into the whole mass M (Levenspiel, 1972). Then th 
tracer concentration at t = 0 becomes m/M. A mass balance for the traci 
gives 


-M & = Me 


This equation may be integrated to give 


Mi 
et) = M e(- A) 
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Now from the definition of f(r) in Equation 9.10 one obtains 


«OM M Me 
TO, CM e) 


or 


exp(—t/t) 
T 


f= (9.12) 


where t = M|M. 

Thus for a backmix tank the residence time distribution function is simply a 
decaying exponential function of time. If the time is given in dimensionless 
form 


(ES (9.13) 


nis 


the residence time distribution function becomes even simpler. From the 
definition, Equation 9.10, we have 


S(t) At = f(8) ^0 = f(8) At/r 


where from Equation 9.13 A0 = Az/r. 
So Equation 9,12 becomes 
f(0) = exp(—0) (9.14) 


In practice we often have several backmix tanks in series. As previously 
mentioned, examples are found in the refining of aluminum and magnesium. 
Thus it is important to determine the residence time distribution function f(t) 
for a number N of backmix tanks in series. A mass balance for tank j then gives 


M dc " 
N di - Missi - e) 


Note that the mass in a given tank j is only 1/N of the total mass, M. In terms 
of 0* = tN]r the equation reduces to 


Bag, -6 (9.15) 


The solution of Equation 9.15 is given by 


£j = exp(-6) "s exp(6) cj-ı dé (9.16) 


This may be checked by insertion of Equation 9.16 into 9.15. 
Now for the first tank 


cı = Nm exp(—6")/M 
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"Then one obtains successively 
co = Nmexp(—6") 9 /M 
c3 = Nmexp(-6") 6?/2M 
l 
l 
“1 
eN = P. exp(—0") oon 
From the definition of the residence time distribution function, this g 


f= x exp(—N(1 4- ))N( + e)! N7NT 


where t = MÍM and t = 1(1 + &)or, in terms of 0, 0 = t/t = 1 + cand. 
SO =fr 
Then 
(8) =N exp( -NO(NO)N-! N/N! (9.1 
For N > 5 an accurate approximation for N! is Stirling’s formula (C: 
al., 1966): 
N! = (2nN) ^ NN. exp( - N) 
Then 
NY 148) 
fib (B) ^ eco SA 
Now we utilize the same expansion of In(1 + £) as in a previous section: 
(HEN = eN DOH’) a; MEP A+B) 


The terms with z? and higher may be neglected for e < 1. Thus the followit 
approximate expression may be employed for N > 5 


1/2 E 
sox E) exp- Ne /2)/Q +6) ©. 


Notice that the value of £ that gives a maximum for f is obtained by setting 
df|de = 0. P ene = — 1/N. For N > 5 this maximum is approximat 
equal to (N/27)"?. 

Equations 9.17 or 9.18 are often used to describe the results of trac 
studies. In this case the experimentally determined f(0) is compared with Fig 
9.4, and the N is chosen which gives the best fit. Then N is in general not: 
integer number. Sometimes the tanks in series model is expanded to inclu 
‘dead volumes,’ volumes that exchange liquid slowly with the various backmis 
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2.0 ! 
N-20 


0-7 t1 


Figure 9.4 Residence time distribution curves for the tanks in series model. 
From Levenspiel, 1972. 


tanks, and so on (Himmelblau and Bischoff, 1968; Iyer and Sohn, 1994). This 
model is then compared with the experimental f(0). 
For small deviation from piston flow, a diffusion model (Cussler, 1984) is 

often employed: 

ac ðc Pe 

* +u in D p 
Then mixing in the length direction (z-direction)—for instance in a tabular 
reactor—is described in terms of a dispersion coefficient D with dimensions of 
m? s—!, The following dimensionless group 
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where H is the length of the reactor, u is the mean velocity, is found in 
solution of the diffusion equation. It is seen that this group gives a 
between diffusion (dispersion) in the length direction and convection. W 
this model the residence time distribution function becomes (Levenspie 
1972) 


(arson) 
AEETI 
2[x(1 + e(D/uH)] ^ 


By comparing this equation and Equation 9.18 it is found for large N th 
shape of the peak of f(0) is the same for 


f0)- 


1 
rm. U 
N S Dun) 
For flow in packed beds for particle Reynolds numbers Re, = d, u/v (wh 
is the particle diameter and v is the kinematic viscosity) greater than 1i 
De/ud, ~ 0.5 for gases and between 0.5 and 2 for liquids (Levenspiel, 19 
Wakao and Kaguei, 1982), where s is the volume fraction fluid. In p 
beds, for instance a deep bed filter d, < than the depth of the filter H, 
is small, N is large, and we are close to the ideal of piston flow. Since e ~ 0. 
a packed bed, a length of from 2 to 8 particle diameters acts as one backm 
tank. 


9.7. INFLUENCE OF THE RESIDENCE TIME 
DISTRIBUTION ON CONVERSION OF PARTICLE 


The kinetics of conversion of a particle has been treated elsewhere in tl 
book. Here we look only at the effect of mixing on conversion of particles. 
assumed that the temperature and composition of the continuous p 
surrounding the particles is the same throughout the reactor. Then know 
ofthe residence time distribution allows us to calculate the mean conversi 
the reactor. It is assumed that the mass fraction converted of a particle, X, 
function of time is known from kinetic studies conducted in the laborato 
the relevant temperature and composition of the surrounding phase. tọ is 
the time when the reaction is complete, so that then X = 1. In general to in 
X(t/to) depend on particle size. “i E 
For monosized particles the mean conversion in the reactor X is given by 


= 
X= Í X(t/to)f(0) de 
o 
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or 
P ox 
Z= [ xenoro as [ SO dt (9.19) 
o LJ 
This result may be simplified by noting that 
zi 
fl S(O at =1 (9.20) 
0 


Employing this relation, Equation 9.19 becomes 
1- X = [a - xenoro à 
or since X(t/tg) = 1 for t > to 
1-X- [a -xenovoo à 
For a distribution of particle sizes we obtain the mean fraction converted X: 
M(R) 


2 4 a 
1-X= 1-—X(R)))—+ 
2x Qa 


(9.21) 
M(Rj) is the mass flow through the reactor of particles of size Ri. 


Example I. Drying of particles in a fluidized bed 


A powder is to be dried in a continuous fluidized bed. Elutriated particles are 
collected in a cyclone and returned to the bed. We assume that there is 
complete mixing in the fluidized bed. The mass of particles is M and the feed 
rate is M. 

It has been found that heat transfer limits the drying rate. It is assumed that 
there is no resistance to transfer of moisture inside the particles. 

Assume that the particles are spherical and monosize, The heat transfer 
coefficient h in J m~? ^C ^! s~! is known. The heat of evaporation (and some 
sensible heat) is H in J kg~'. The temperatures in particles and gas remain 
constant at T, and Tp respectively. The particle density is p [kg/m ^7]. 


(a) Find the mean water content X (kg kg~') in the outgoing stream as a 
function of the water content in the feed Xo. 

(b) What is X /X» if the mean residence time t = M/M is 3 times greater than 

the time tọ it takes to dry a particle completely? 
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Solution 
"The enthalpy balance becomes 
4nR? dX 
A(T, — T;)JAnR? mH ox l 
Integration gives 
KE D t 
X» 5 
where 
igh pRH 
SMT; — Tp) 
X CA 
- > f(t) dt 
ar bes ean 


where, since we have a backmix tank, 


f= romm 


Then ] 
X 
x; f^ — t/to) exp(—t/1) dt/t 
Xo Jo 
jr 
-1cesCa/0- fp exon) ap 
= 1-2 (1 —exp(—o/2) 
X 21530 —exp(-1/3) =0.15 
X 
Thus 15% of the moisture still remains even though the mean residence ti 


is 3 times greater than the time fp it takes to dry a particle! 


Example 2. Burning of particles in a fluidized bed > 
Burning of a particle is assumed to be limited by chemical reaction betwi 


gas and the shrinking core of the particle. It is found (Levenspiel, 1972) th 


the kinetics in this case may be described by 
r t 


pacem 


R to 


where r is the radius of the core, R is the original radius of the spheric 
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particle, ro is the time it takes to complete the reaction. If it is assumed that the 
density of the core does not change, conversion is given by 


x rne 

x-1-(9 
Find the mean conversion X as a function of fo and t, for monosize particles in 
the same fluidized bed as in example 1. What is X for t = 31? 


Solution 


1-X- f'a — X) exp(—t/t) dt/t 


— fy ( z 3] exp(—t/1) de/t 


By partial integration it is found that 
2 3 
2 T T T 
X-23--6|—-) +6(—) à — exp 
KO emo 


t/to = 3 gives X = 0.92, so that 8% remains unconverted. 


9.8. HEAT TRANSFER 


The heat balance for a piston flow continuous reactor has to be fulfilled for 
every cross section. The heat supplied by the ascending gas, Q, must be equal 
to the heat demands of the descending charge, D. The units are J s^ !. 
QT) = D(T.) (9.22) 
Notice that Th and Te respectively, are the temperatures of the hot gas that 
supplies heat and cold charge that demands heat. Since heat moves from the 
higher to the lower temperature, Th is greater than Ts. In fact transfer of heat 
is usually described in terms of the temperature difference (Bejan, 1993; 
Incropera and DeWitt, 1990): 
dQ = h dA (Ti — T.) (9.23) 
Here dA is the differential contact area required to transfer a small quantity of 
heat per second, dQ, from gas to charge; h is the heat transfer coefficient 
between gas and charge. h has units of J m^? s^! K~ orW m? K]. 
The heat capacities of the gas and solids are introduced: 
h = ldQ/dTi| 
ĉe = |dD/dT.| 
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‘Thus the heat capacities are the product of the mass flow through the 
section and the specific heat. The units are J s^ ' K ^'. Specific heats m 
obtained from tables of thermodynamic data, usually as functions o 
temperature. The mass flows are determined from the input and outy 
for the reactor. When chemical reactions take place, the mass flows 
changed accordingly. 

Employing the heat balance Equation 9.22, for instance, T, may be 
by an expression containing Th. Then Equation 9.23 can be given in 
that contains only Th, dTy, A; cy, Co and dA. If h, c, and ce are taki 
constants, integration can be performed in order to obtain the tei 
profiles in gas and solids. It seems to be simpler, however, to carry oi 
integration in terms of Q instead of Tj. From a Reichardt diagram 
1981) as shown in Fig. 9.5 it is seen that 


h-r- 
oh 


Furthermore, for the charge one obtains from Equation 9.22 
D 
ym mn = T Q 
Ce 


h 


Here T, is the temperature of the gas when it enters the packed bed. If th 
expressions are inserted in Equation 9.23, one obtains 


dQ =h dAT, — Te  Q(1/c. — 1/ep) 
or dQ/(T, — Te + Q(1/e. — 1/%)) = h dA 


the right-hand side over A from A = 0 to A. Then taking the antilogaritl 
the two sides: 
1+ Q(1/ce — 1/%)/(Ta — 
Inserted in Equation 9.24 this gives 
Th = T, + (Ta — Te)[1 — exp(hA( /ce — 1/0s)Jec/(on — c) 
T. = T, + (T, — Te)[1 — exp(hA /ce — 1/a5))]as/(os — ce) 
If the last equation is subtracted from the one above, one obtains: 
Th — Te = (T, — T.) exp(hA(1/ce — 1/0) 


For a heat capacity of the charge, ce greater than that of the gas, à 
expression in the exponent is negative. Then for a large contact area 
temperatures in gas and solids will converge. This is the case in the bot 
section of the blast furnace. For c, smaller than c, as in the upper part oft 
blast furnace, the temperature difference Th — T. will increase with A. Th 

illustrated in Fig. 9.5. 


T.) = exp(hA(1/cz — 1/cn)) 
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Figure 9.5 A typical schematic Reichardt diagram showing the heat balance of 
the gas and the solids. 


Often it is necessary to determine the heat supplied in terms of the 
temperatures. This may be accomplished by eliminating the heat capacitaes 
in Equation 9.26 using the two Equations 9.24a,b. Then 


Th — Te _ (“2 —T.) — (Ta = a) 
n-T. Q 
or taking the logarithm: 


Q n-T-(-T) 
hA d(Ts — TJ/(, — Te)) 


This is a well-known expression for the heat transferred, Q. The right-haand 
side is called the logarithmic mean temperature difference. The equatiorx is 
also valid for concurrent flow reactors. In fact, the relations given in tliis 
section apply to concurrent flow reactors if c, is replaced by —c.. In this casse, 
both T, and T, are the temperatures going into the heat exchanger. 

Equation 9.27 only applies if h, cn, and c, can be regarded as constants. If 
this is not the case, numerical integration must be employed. Then if T, annd 
T. are specified, moving up through the shaft in steps of AA, holding c, anc c. 
constant within each step, temperatures may be calculated in succession. For 
instance, if the temperatures in grid point i are Th; and Ta, heat capacities 
between grid points i and i + 1 are cy; and coi and the heat transfer coefficient 
is h,, then by comparison with Equations 9.25 one finds 


Thea = Thi (Thi — To — ex (hi AA Js — 1o) 5 


(9.27) 


(9.28) 


Tası is obtained similarly. 
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9.9. COUNTERFLOW MASS TRANSFER 


Mass transfer is an inherent part of all process metallurgical operations. O 
simple example of mass transfer is counterflow gas cleaning processes in th 
special case that small amounts of impurities are transferred from the 
phase to a liquid phase (see Fig. 9.6). 

In the study of mass transfer from one phase to another phase moving in tl 
opposite direction—as in our treatment of counterflow heat exchangers—it i 
assumed that we are dealing with a linear reactor. In this case the flows 
be averaged over the cross sections. The description of mass transfer 
very similar to that applied to heat transfer. Instead of conserving enthalpy 
moles of the component to be transferred are conserved. The driving force 
heat transfer, given as the difference in temperatures for the two phases, fo 
mass transfer is replaced by the difference in activities of the component in tl 
two phases. In the following, G refers to the amount of impurity compon 
transferred from the phase to be purified (usually gas) while L refers to 
amount of impurity accepted by the other phase, for instance a liquid. Ti 
simplify the comparison of heat and mass transfer we retain the indices h 
for the gas (hot) phase and liquid (cold) phases, respectively. Then, ir 
summary 


Glan) = Lac) 


where ap, a, are the activities of the component given in mole fractions in 
and liquid, respectively. For a gas we here define the activity as 
Pn 
=— (9.30 
= Prorat 

Equation 9.29 replaces Equation 9.22. The driving force for heat trans 
Th — T, is replaced by the corresponding driving force for mass trai 
an — ac. Thus the analog of Equation 9.23 is 


dG = kıp dA (as — ac) (9.31 


where k, is a total mass transfer coefficient with units of m s^ !, to be disci 
in the following. It replaces h. p is the density in kmol m ^. 
For an ideal gas, 


(9.29 


— Prowl (9.32) 

RT 

where R is the gas constant, R = 8314.5 JK~'kmol~! = 0.083 bar m^ K^ 
kmol™!, and Porat is given in bar. All relations derived for heat transfer can 
translated to mass transfer if the heat capacities are replaced by ‘molar 
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Figure 9.6 In counterflow, column impurity G is transferred to the phase 
going down. Gros gives kmoles per second of phase where amount G is 
removed. Leceai gives kmoles per second of phase that extracts amount G. 


capacities' defined in terms of activities: 
£y = |dG/day| 
& = |dL/da.| 
It is assumed that the content x of the impurity is so small that its 
contribution to the total molar flow rates is negligible. This means that as an 
approximation we can write 
G = Gui — xh) (9.33) 
L = Louixe — x) (9.34) 
where xy, is the mole fraction of the phase to be purified as it enters and xee is 
the exit concentration in the other phase. Thus molar capacities are the 
product of the total molar flow rate times the change of concentration, x, with 
activity, dx/da. 
If we relate activities to concentration in terms of Raoultian activity 
coefficients, 


On = YhXh. (9.35) 
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For an ideal gas mixture yn = 1, 


4c = Yoe (9.36). 
"The analog of Equation 9.26 is 
JE | 
= à; = (au — l-— 9.37) 
dy — ác = (Aha a) exp ana 2 3) ( 
Employing the relations for the molar capacities, Equation 9.37 becomes 
» Ll a 
T ra) ^ — eas 


where ay, is the activity of the phase to be purified as it enters and dee is 
activity in the other phase (for counterflow). 

In Equation 9.38 we notice that A is the contact area between the 

phases. However, nothing has been said concerning the cross-sectional 
the column. Now, this area plays an important role in calculating tl 
throughput of a column. In fact, for our linear reactor throughput | 
proportional to cross-sectional area. For this reason it is practical to look 
just 1 m? cross section, and to refer quantities such as A, Lii Grota and à 
and cn to 1 m?. Then A becomes dimensionless, m? of contact area per m 
cross section. Furthermore, we are interested in the height, H. A is propo 
tional to height. A equals the height, H, times the contact area per unit voli 
of reactor. This last factor is called specific contact area. In the literature o 
may find data concerning the specific contact areas and also data for th 
product of the mass transfer coefficients k, and the specific contact bx often 
called volumetric mass transfer coefficient bj. Notice that kl has dii 0 
ms! and specific contact area has dimensions of m^m ^^. Thus k; p. th 
dimension of inverse time since k, = k, times specific contact area. 
It is of course important that the specific contact area is large. To attain 
a packed column is often filled with rings or saddles of metal, glass, cs 
or plastics with small diameters (Raschig rings). It is important that iam E 
wetted by the liquid. 

It is often practical to define activities in terms of pressures for both the 
and the liquid phase. Then for the liquid the pressure is obtained from Hen 
law: 


Pe = Hexe (9. 


where H. is the Henry's law constant and x, is the mole fraction of 
impurity in the liquid phase. Equation 9.30 can be employed to relate activity 
a, and concentration x,: 
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This equation may now be used to determine the capacity c, as defined 


above of the liquid phase : 


& = Loni H, 
A 


pesa (9.41) 


Now, in terms of the unit cross-sectional area and employing Equations 9.35, 
9.39, and 9.41, Equation 9.37 becomes, for an ideal gas mixture, 


Pa — Hexe = (Pra — Hexe) es [xor (az + z) (9.42) 


Example 3. Preheating of charge to 1000°C by hot process gas 


Solids and gas move in piston flow evenly distributed over the cross section 
in opposite directions. The mass flow of charge is M, = 10 kg s^' and 
for gas M, = 9 kg s^'. The respective specific heats are 0.8 and 
1.1 kJ kg^! °C™!. The total heat transfer coefficient between solids and gas 
is h = 0.125 kJ m^? s^! °C™'. The contact area between charge and gas is 
100 m? m^? bed. The cross-sectional area of the charge is 2 m?. What is 
the exit temperature The of the gas? How high must we make the bed? 
The ingoing temperature of the gas, Tha» is 1200°C while the solids enter at a 


temperature Te = 30°C. 


Solution 


A heat balance gives the heat transferred 
Q = «(1000 — 30) = 


7760 = o,(1200 — The) 
or 


7760 


0.8 x 10 x 970 = 7760 kJ s^! 


= 1200 — The 


11x9 
The = 416°C is the exit temperature of the gas. From Equation 9.27 one 


obtains for the contact area 


Pei 


7760 1n(200/386) 
0.125(200 — 386) 


A=100x2xH 


The height of the bed is 


= 219.45 m? 
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Example 4. Absorption of SO; process gas by water in a pac 
tower 


Process gas containing SO, is to be cleaned in a packed tower with water. G; 
and water move in counterflow. 


Here xso, is kg SO; per kg H20 and pso, is the partial pressure in bars of SO; 
He is Henry's constant He = 10 bar. G kmol of process gas per second mov 
up through the tower in piston flow, Gi; = 0.003 kmol s^ '. Liu; kg of 
gocs down in piston flow, Low = 4kgs ^. TA ctn tps to 
A= 4m and the wetted specific surface area is a = 100 m?/(m* 
volume). The total mass transfer coefficient k, = 4 x re ms! 
assumed that the total pressure Prota = 1 bar does not change noticeably 
tower. Also the mass fraction SO; in the liquid is < 1. The content of 
the gas entering the tower is po, = 0.01 bar. The content in the exit gas 
be reduced to p$o, = 0.003 bar. The absolute temperature T = 295 K. 


Determine the exit concentration of SO; in the water, 
Determine the ‘operating line,’ i.e., the relation between xso, and p 
through the tower. 
3. Based on a horizontal slice of the tower, derive a differential balance fo 

SO, that relates the thickness AH to pso, and the change in pso,. 1 
Eliminate xso, from (3) and integrate. 
Find the height of the tower, H, employing the numbers given me 
It is seen that water can be used. However, the amount of gas cleaned i 
small compared to the flow of water down the column. Would it help if a 
chemical that reacts with SO; was added to the water ? Explain why this 
the case. 


Ne 


gue 


Solution 
1. A mass balance over the tower for SO; gives 


$4G«a(?5o, — P50;) 


Protal 


= Lomo, 


where 64 is the molecular mass of SO;, 
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2. The operating line is given by a mass balance over the lower part of the 
tower (compare Equations 9.29, 9.33, and 9.34). 
64GoailPSo, — Pso.) Gent Pie, Post = Lou, — Xso) 


64Grotal 


380, = 350, — S eai 30: 7 P50)) 


or 


(e e) tgo 


3. A mole balance for SO; over a slice of the tower of thickness AH gives 
Apso; 3 
— Groa RT = haA AH — f$o,) 
(Pso; — P50, 


where R = 0,083 bar m? K~' kmol ^ ' is the gas constant and T is the absolute 
temperature. Now f$o, = xso, H.. From (2) it is found that 


4. Pho, = b + Bpso. 
where 
64Gromi P30; ) py _ _ ©4Gromi Po, He 
b= (o - ston), = wo pa omm 
and 
aye 64GrouiHe 
Pontici 


"Thus the differential expression letting AH — 0, reduces to 
_ Gow RT dpso, 

= dHi b- ) 

N LAD = (pso: — b — BPso; 


or 


GooaRT dsos gn 
~ kadpouipso, (1 — B) — b) 


or integrated (compare Equation 9.42) 


GwaRT „(o0 -B - Y y, 
kiaApwa(l — B) \P$0,(1 — B) — b, 
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p 364x:0.008:x 10, 9 44 
4x1 
64 x 0.003 x 0.003 x 10 
pars SO AS ogot 


T 0.003 x 0.083 x 295 0.01 x 0.52 4- 0.00144 
4 x 1075 x 100 x 4x 1 x 0.52 0.003 x 0.52 4- 0.00144 
H=7.1m 


6. The main resistance to mass transfer is in the liquid film. If SO; rea 
the liquid-gas interface, only the resistance in the gas film remains. 
k, = kgas is much greater. Also P§o, is lower. 
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Ironmaking reactions 


Jean-Marc Steiler 
IRSID, Maiziéres les Metz, France 


10.1. OUTLINE OF THE BLAST FURNACE 
PROCESS 


The blast furnace remains by far the major ironmaking process for the 
production of high-quality steels in integrated steel plants. During the last 
decades, blast furnace technology made tremendous progress with respect to 
effectiveness, productivity, fuel consumption, and hot metal quality. Modern 
units are now producing, on a routine basis, 11 000 tum per day, with an iron 
yield close to 99.5% and an energy efficiency in excess of 90% (Béranger et al., 
1996). 

The blast furnace is an example of a complex process involving coupled 
interactions between physical chemistry, heat transfer, and fluid flow phe- 
nomena. À gradual improvement of our understanding of the process has been 
gained over the years from continuous R&D efforts to implement sensors for 
assessing the actual conditions inside the reactor and to describe and modelize 
the phenomena. 


10.1.1. The Three Functions of the Blast Furnace 


The blast furnace is a countercurrent gas-solid reactor, in which the iron 

oxides are reduced into iron, the iron and gangue are melted, and the liquid 

metal is separated from slag. The reactor provides three basic metallurgical 

functions: 

© Chemical transfer, with the reduction of iron oxides, the combustion and 
gasification of carbon, and slag-metal reactions, such as desulfurization. 
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* Heat transfer, by exchange between gas, solids, or liquids. 

* The aerodynamic function of maintaining the permeability of the b 
indeed heat and mass transfer occur in a granular bed and are 
strongly connected with fluid flow. 


The solid charge materials (iron ores and coke) are charged in alt 
layers at the top of the furnace, During their descent in the shaft, the iron o 
are reduced and subsequently smelted. The impurities, arising from 
gangue of coke, coal, and iron ores, can only be separated from iron in 
liquid state, which requires them to be heated above their melting temp 
ture; liquid slag and metal are tapped from the furnace at a temper 
~1500°C. 

The reducing gas, a mixture of CO, H;, and Na, is produced at the tuy 
at a temperature of 2000 to 2200°C, by partial combustion of coke 
auxiliary fuels in the preheated air blast. As it rises through the furnace, 
gas, which is always at higher temperature than the solids or liq 
exchanges heat with the latter and provides the necessary enthalpy 
reducing power. It leaves the furnace after having lost most of its sen 
heat (temperature in the range 80-200°C), but with a significant amount | 
chemical heat remaining (%CO/%CO,~ 1), which is used afterwards in th 
mill. The oxygen potential of the gas increases from bottom to top, but, owir 
1o the countercurrent conditions, the gas always retains reducing potential. 
heating-up potential with respect to solid; this accounts for the outstan 
thermal and chemical efficiency of the blast furnace process. 

In the lower part of the furnace, coke is the only solid material. Apart 
supplying reducing gas and heat for the process, it provides mech 
support to the burden and acts as a spacer (coke grid) to allow smooth 
flow conditions for ascending gas and descending liquids through the is ter- 
stices of coke particles. 


10.1.2. Systems of Importance in Ironmaking 


10.1.2.1. Fe-O system 


Iron forms three stable oxides (Darken and Gurry, 1945): Fe;O, (hematite), 
FesO, (magnetite), and FeO; oss (wustite) (Fig. 10.1). The partial pressures 
oxygen in equilibrium with the three couples of oxides are given in Table 10. 

Hematite is a stoichiometric oxide usually crystallized in a hexagonal lati 
It decomposes at 1457°C into magnetite and oxygen, under atmosphet 
pressure conditions. 

Magnetite exhibits a small stoichiometric range with values of O/Fe rangii 
from 1.33 to 1.38ato/atg,. Stoichiometric magnetite melts congruently 
about 1596°C. The reduction of hematite to magnetite occurs with lattice 


Irownmaking reactions 3l 
1700 = 
2 Liliq. oxide 
1500 | Tig + mija M + O2. 
21300 " 
Wustite» 
YFe 
1100 F wustit zi d 
Wustite Magnetite (M) O 
900 * * 
a Fe« Magnetite Hematite (H) 
700 | Wustite 
bed Maagnetite 
SU.) 50 5! 52 S3 54 55 56 57 58 59 60 6i 
Oxygen (at %) 
Figure 10.1 The iron-oxygen phase diagram (I bar total pressure). 
Table 10.1 Reduction equilibria of iron oxides 
Reaction Equilibrium partial Equilibrium ratio 
pressure of O; XCO/XCO; 
600°C 950°C 600°C 950°C 
- = -6 -5 
Fe;O,-Fe3O4 51x107'* 52x10% 20x 10 13 x 10 
FeOrFeOime L4 X 10-2 14 x 10-4 0.82 0.25 
FeO) os,-Fe 123 10 T a O 1.25 23 


transformation from hexagonal to cubic, leading to expansion and cracking of 
the solid structure. 

Wustite is a nonstoichiometric oxide existing in the temperature range from 
570°C to 1424°C. The O/Fe ratio ranges from 1.056 to 1.20 ato/atre; in fact 
the stoichiometric oxide FeO does not exist. The wustite lattice is deficient in 
Fe?* ions, and the Fe?" /Fe?* ratio increases with oxygen content. Wustite 
saturated with iron exhibits a roughly constant O/Fe ratio, which corresponds 
to the widely used formula FeO, 955. Below 570°C, wustite decomposes into 


- 
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iron and magnetite. It does not melt congruently; the melting temperature 
increases with oxygen content, the minimum being at 1371°C. 


10.1.2.2. C-O-H system 


The two reactions of carbon with oxygen to form CO or CO; are exothermic, 
respectively — 110.53 and —393.51 MJ mol ': 
C410, CO (10.1) 

C +0: > CO; (10.2) 

In the absence of carbon, CO, is stable at high temperature, and dissociation 
remains very limited up to 2300°C. In the presence of carbon, CO, is unstable 


at high temperature; gasification of carbon by CO; takes place, resulting in the 
formation of CO: 


C-- CO; 2 2CO (10.3) 


Reaction (10.3), which is known as the Boudouard reaction (or solution loss 
reaction) is highly endothermic (172.45 MJ mol ^ '). The stability of CO; in 
the presence of C is increased as temperature drops or pressure increases 
10.2). In actual blast furnace operation, this heterogeneous reaction involves. 
coke instead of carbon and occurs with significant kinetics beyond a given. 
threshold temperature in the order of 950*C. 


%COK%CO + % CO2) 
1 
0.9 


0.8 
0.7 CO; « C 2 


0.6 T 
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03 
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Temperature (°C) 
Figure 10.2 The Boudouard reaction equilibrium for different values of total 
pressure (bar). 
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Figure 10.3 The iron oxides reduction diagram (Chaudron equilibria). 


Water vapor may also react with carbon, according to reaction (10.4), which 
resembles the Boudouard reaction. 


Cc H;0 > CO - H2 (10.4) 
CO + H20 = CO; + H2 (10.5) 
Equilibration of gaseous C-O-H mixtures is achieved by the watergas shift 
reaction (10.5); the kinetics of the latter reaction is known to be sluggish below 
700*C. 
10.1.2.3. Fe-O-C-H system 
The stability diagram of iron oxides in the presence of CO-CO; mixtures or 


H,-H,0 mixtures is shown in Fig. 10.3. The reduction of Fe;O; to iron by 
CO proceeds through the successive reactions: 


3Fe;0; + CO & 2Fe30, + CO; (10.6) 
Fe304 + 0.831CO <> 3FeO, oss + 0.831CO; (10.7) 
FeO} oss + 1.056CO = Fe + 1.056CO; (10.8) 
Below 570°C, wustite no longer exists, and magnetite is reduced to iron: 
Fe304 +4CO + 3Fe + 4CO; (10.9) 


— — TE 
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At the temperatures of interest for the blast furnace, the reduction process. 
thus involves the important stage of complete transformation of all iron oxides. 
into wustite. Reactions (10.6) and (10.8) are exothermic, whereas reaction 
(10.7) is slightly endothermic. As long as the temperature is lower than about 
950°C, CO; does not react with carbon; reduction according to (10.6)-(10.8). 
only involves exchange of oxygen between the gas and iron oxides without any 
net consumption of carbon, simply enriching the gas in CO;. This process is | 
often called indirect reduction. 

"The final reduction to metallic iron via reaction (10.8) generally occurs at. 
temperatures where Boudouard reaction (10.3) is active, so that the over 
reaction for the final reduction can thus be written: 


FeO; ose + 1.056C = Fe + 1.056CO (10. 


This reaction is usually called direct reduction, as it contributes directly to the 
net carbon consumption. 
‘The Boudouard reaction plays an essential role in the blast furnace p 
since it regenerates the reducing potential of the oxidized gas. The excellent 
reducing efficiency of the blast furnace is thus due to the apparently fortuito s 
fact that the two basic reactions of the process, namely, the reduction 
wustite to iron by CO and the Boudouard reaction, occur with rapid 
in the same range of temperature, thus enabling effective mutual interaction. 


10.1.3. The One-Dimensional Reactor 


10.1.3.1. Temperature profile and Reichardt diagram 


It is known experimentally that the temperature profile of the blast furnace is | 
characterized by the existence of an isothermal zone over a considerab 
portion of the shaft, where solids and gas are at the same temperature; in th 
order of 950-1000*C. Very strong heat exchanges from gas to solids occ 
within the two regions located below or beyond that temperature 
whereas heat exchange vanishes in the isothermal zone, which is thes 
called the temperature reserve zone. The heat pattern can be represented 
the Reichardt diagram (Reichardt, 1927; Rist and Meysson, 1966) (Fig. 10. 
It shows, with due regard to the second law of thermodynamics, 
temperature of gas and the temperature of solids as a function of the he: 
transferred from the gas. The slope of each line represents the ‘average 
capacity’ of gas and solid charge respectively; the ‘average heat capacity’ 
global parameter, including both sensible and latent heat. 

The segment SR (see Fig. 10.4) represents the heating of the solid charge 
from room temperature to the temperature of the reserve zone TR; the 
requirements mostly include heating up of solids and indirect reduction to. 
wustite. The segment RC corresponds to heating up the charge from the 
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Figure 10.4 Thermal profile of the blast furnace; description of heat exchange 
by the Reichardt diagram. 


temperature of reserve zone to casting temperature TC. The heat require- 
ments involve sensible heat of the charge, heat of fusion, and the heat of 
endothermic reactions, especially solution loss and direct reduction. The 
slope of this line is thus markedly higher than the slope of SR line, so that 
point R becomes a pinch point. The existence of the thermal pinch point is 
mostly due to the highly endothermic solution loss reaction, leading to drastic 
cooling of the gas from tuyeres; this effect vanishes below the gasification 
threshold temperature, i.e., ~950°C. 

The gas line GRF represents the cooling of gas from flame temperature TA 
down to top gas temperature. The slopes of lines GR and FR are very similar, 
so that the gas line is generally defined as one segment FG. The distance 
between the gas and solid lines is a measure of the extent of heat exchange 
between the phases. The practical significance of the thermal pinch point and 
the corresponding reserve zone is that the heat transfer kinetics is high enough 
for establishing conditions of thermal equilibrium between gas and solids in 
the shaft. 
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As can be deduced from the figure, when the flame temperature becomes 
higher, the heat capacity of gas (i.e., slope of the gas line) drops so that the top 
gas temperature also drops. 


10.1.3.2. Steady-state mass balance and Rist diagram 


Probes in blast furnaces have established that indirect reduction of iron oxi 
starts in the temperature gradient of the upper shaft and that gas and 
oxides reach chemical equilibrium at the stage of pure wustite. The redi 
profile is characterized by a so-called chemical reserve zone where 
oxidation degree of gas [CO2/(CO + CO;)] is constant at a level close to 0. 
which corresponds to the wustite-iron equilibrium at 950°C. The existence: 
the chemical reserve zone reflects that the reduction kinetics is generally 
enough for chemical equilibrium to be achieved. 

The operating line represents the exchange of oxygen between gas 
solids; it takes into account the formation of reducing gas from carbon 
oxygen at tuyeres and the utilization of the reducing gas for the in 
reduction of iron oxides. The operating line is drawn in the Rist diagram 
and Meysson, 1966; Rist and Bonnivard, 1962) (Fig. 10.5), with coordin 
X = O/C in the gas and Y = O/Fe, according to the steady state oxy 
balance: 


nre dY —n,dX X =ato/atc, Y = ato/atre 


with np being the rate of iron production (atp) and ng the rate of 
production (moles). 

The slope of the operating line represents the specific gas consum 
(moles of reducing gas for the production of lat Fe). The total car 
consumption (atc/atre) is equal to this number plus the amount of c: 
dissolved in hot metal. As the operating line AB represents the re 
phenomena, it must necessarily remain on the left side of the equilil 
contour derived from the reduction diagram at the reference tem; 
(generally 950*C.). 

In the ideal blast furnace operation, the most favorable conditions 
respect to oxygen exchange are achieved when the operating line goes throu 
the point W corresponding to the wustite-iron equilibrium. The oxy 
exchange thus provides a ‘chemical pinch point,’ accounting for the 
reserve zone. The coordinates of this point are derived from the wustité 
equilibrium (reaction (10.8)), i.e., 


X(W) = 1.3 at 950°C 
Y(W) = 1.056 ato/atpe (practically independent from temperature) 


In actual operation, it may happen that equilibrium with wustite is not totally 
achieved at the temperature of the reserve zone, so that the O/Fe ratio of iron 
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Figure 10.5 The operating line of the blast furnace; description of oxygen 
exchange by the the Rist diagram. 


oxides is higher than 1.056. The operating line is then located at some distance 
from point W; conventionally this departure from ideality of reduction is 
expressed by the parameter c, the overall oxidation degree of wustite being 
thus 1.056 + «o. Owing to considerable improvement of ferrous burden 
quality, especially reducibility, it has now become a relatively common 
Practice to operate industrial blast furnaces at about 100% reduction 
efficiency (w ~0). 


10.1.3.3. 


The thermal and chemical reserve zones of the blast furnace constitute the 
fundamental basis of the blast furnace process. This concept led Rist and 
colleagues (1962, 1966) and Michard (1961; Girard et al., 1971) to develop a 
blast furnace model involving two superimposed exchangers corresponding 
respectively to the preparation zone and the processing zone (Fig. 10.6). The 


Blast furnace model 


@- Solid temperature @- Gas temperature @- Oxidation degree of iron 
Principles of blast furnace process. 


Figure 10.6 
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Table 10.2 Typical characteristics of input and output feed of blast furnace 


Sinter Fe 58%, SiO, 5%, CaO 9%, MgO 1, 8%, AlzO3 1% 

Coke C 88%, Hz 0.3%, mineral matter 10% 

Coal (injection) C 80% ; Hz 5% ; Oz 6% ; Nz 1%; S 1%; mineral matter 5% 
Iron Fe 94.6%, C 4.6%, Si 0.3%, Mn 0.2%, S 0.02%, P 0.08% 

Slag CaO 42.5%, SiO; 35.5%, MgO 7.5%, Al;O; 10.5%, Fe 0.2%, S 1% 
Top gas CO 22%; CO; 22%; H3 4%; Nz 52% 


| 
boundary between both zones is defined by an imaginary plane cutting across 
the thermal and chemical reserve zones, 

The preparation zone, located in the upper part of the furnace, is merely a 
heat and mass exchanger, where the sensible heat and reducing potential of 
the gas delivered by the processing zone is used to heat up the charge to 950°C 
and to achieve indirect reduction of iron oxides into wustite. No carbon is 
consumed in the preparation zone. 

In the processing zone, iron oxides prereduced into wustite as well as the 
nonferrous oxides are reduced and smelted; the liquid phases are formed and 
heated to casting temperature. Carbon is consumed by combustion at tuyeres, 
dissolution into iron, and solution loss. The performance of the blast furnace, 
especially the fuel consumption, is mostly determined by the reactions going 
on in the processing zone. 


10.1.3.4. Heat and mass balance 


A typical example of heat and mass balance corresponding to modern blast 
furnace operation is given in Tables 10.2 and 10.3. In integrated ironmaking 
plants, the major source of iron is sinter and/or pellets, with some additions of 
lumpy ores. The injection of auxiliary fuels at tuyeres is now a widespread 
Practice, especially of pulverized coal (1 kg of coal is equivalent to ~ 0.85 kg of 
coke). Coal injection rate of 180 kg/tg; is now a common industrial practice, 
and considerable efforts are being expended to further increase this value to 
250 kg/tim in order to reduce the demand for coke. 

The smelting reactions and solution loss represent by far the two largest 
heat requirements of the Process. Reduction of iron oxides and heat losses 
make up a small proportion of the balance. The heat of coke and coal 
combustion reactions and the enthalpy of hot blast each account for about 
50% of the heat supply. The total heat losses are quite low, less than 10% of 
the requirements. 
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Table 10.3 Heat and mass balance of blast furnace " 


a) Mass balance 


Input 


Sinter (58% Fe) ^ 1500 kg tan Iron 9000 — tuw perd 
Lumpy ore 150 kg tri Slag 300 kg tam 
Coke (88% C) 300 kg tim Topgas — 1480 Nm? ty 
Coal 180 kg tim Dust 10 kg tan 
Hot blast 970. Nm? tan 
Oxygen 15 Nm? ta 


b) Heat balance 


Heat supply Combustion of coke 1086 
(MJ ta) Combustion of coal 1232 
Sensible heat of blast (temperature !180*C) 1738 
Reduction of iron oxides (overall) 177 


Total heat supply 4233 


Melting and enthalpy of liquids 
Reduction of non ferrous oxides 83 
Solution loss reaction 1297 
Sensible heat of top gas 359 
Water shift and water cracking reactions 196 
Heat losses 296 
Total heat requirements 4233 


Heat requirements 
(Mj cas) 


10.1.3.5. Aerodynamic aspects and flow conditions 


In the blast furnace, hot reducing gas ascends through the coke grid 
with liquid metal and slag below the melting zone, and travels 
through a column of dry alternate layers of coke and sinter. The gas 
pattern depends upon the resistance it is subjected to during its ascent in th 
packed bed, whereas the thermal and chemical efficiency of the proce 
depends on the uniformity and time of contact between reacting phases. 

At low flow rate the pressure loss in a packed bed is mostly due to vi: 
flow and is proportional to velocity. At higher velocity, flow 
turbulent and the pressure drop increases as the square of velocity. T 
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Figure 10.7 Effect of particle size and voidage on the pressure drop in packed 
bed (Ergun relationship). (Hatched area indicates typical range of sinter and coke 
particle sizes.) 


overall pressure drop over the unit height of the column can be expressed by 
the Ergun relationship: 


AP 4-9! 0-92, 

aA ap VB espe (10.11) 
with A ~ 150, B ~ 1.75; & = voidage of the bed; d = mean diameter 
of particles (m);  — kinematic viscosity of gas (m?^s- D p — density of gas; 
V = velocity of gas (ms~'). 

The respective effects of voidage and particle size on pressure drop are 
shown in Fig. 10.7. According to its size range, sinter plays a predominant role 
in pressure drop in packed bed, as compared to coke. For a given particle size, 
a decrease of voidage by 0.1 results in an increase of pressure drop by 3 to 5 
times. 


10.1.4. The Two-dimensional Blast Furnace 


The two-dimensional model of the blast furnace and the importance of the 
radial dimension were first emphasized as a result of full-scale experiments 
Carried out in Japan, in which the internal structure of operating blast 
furnaces was quenched and carefully dissected (ISIJ, 1987) (Fig. 10.8). In 
the shaft, the ore and coke layers keep their initial stratification and move 
downward under plug flow conditions. When reaching their softening 
temperature (~ 1100°C), the ore layers soften and become impervious to gas, 
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Figure 10.8 Structure of inner state of blast furnace, from quenching 
dissection (ISIJ, 1987). 


forming the so-called *cohesive zone.' The cohesive zone is located betweer 
the softening and the melting isotherms. Liquid phases are formed 
~1350°C. The thermal and chemical path followed by the charge material 
and the gas, and consequently the contact conditions between phases and th 
extent of reaction, are thus strongly dependent upon the radial position. 

Considering the flow of ferrous burden, plug flow conditions prevail 
the cohesive zone, whereas below the cohesive zone some mixing o 
From residence time distribution measurements (Nicolle et al., 1986), it ha 
been shown that the plug flow zone occupies ~40% of total volume and the 
mixing zone ~60%. Obviously these ratios depend on the location of tht 
cohesive zone. 

A comprehensive analysis of the blast furnace process thus requires all thi 
coupled phenomena of chemical transfer, heat transfer, and fluid flow to be 
described in two-dimensional conditions. Sophisticated mathematical model 
have been developed for this purpose, as for example the BRIGHT model 
NSC (Sugiyama et al., 1988); they generally allow the drawing of a compl 
map of the interior conditions of the furnace, in terms of temperature pattern 
gas flow, and progress of reduction (Fig. 10.9). 
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Figure 10.9 Estimation of gas flow, reduction process, and temperature in the 
piens furnace, using 2D numerical model (BRIGHT model, NSC (Sugiyama et al., 
1988)). 


10.2. THE REACTIONS OF COMBUSTION 


10.2.1. The Combustion Zone 
Combustion of coal at tuyeres occurs under very specific conditions with 
respect to kinetics (ISIJ, 1987) (Fig. 10.10): 


* A very short residence time of coal in the oxygen-containing zone, less 
than 5 ms in the tuyere, less than 20 ms in the raceway. 

* A low oxygen/carbon ratio; the stoichiometry for combustion into 
CO; + H20 is exceeded as soon as coal rate is over 130 kg/trim. 


These detrimental conditions are balanced by some favorable effects: 


. High blast temperature, usually in the order of 1200°C, and oxygen 
enrichment (up to 24% O; in blast), both conditions leading to high flame 
temperature (2100+ 100°C). 

* Very high heating rate (estimated between 1 and 2 x 10°Ks~?). 

* High specific area of finely ground coal particles. 
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Figure 10.10 Gas composition and temperature distribution in the 
measurements on pilot blast furnace (ISIJ, 1987). 


Volatile Combustion 
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Figure 10.12 Computation of coal combusti: 


Figure 10.11 Mechanisms of pulverized coal combustion; a two-step 
(Prado et al., 1988). 


10.2.2. Mechanisms of Coal Combustion 


Coal combustion is a two-step process (Prado et al., 1988; Kobayashi et 
1976): a first and fast step of volatile emission and combustion, followed 
much slower step of heterogeneous char combustion (Fig. 10.11). The ti 


1994): coal temperature and combustion efficiency. 
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Table 10.4 Kinetics of char gasification with CO; or H;O 


Coal Volatile 
(200-250 um) (9 


Low volatile 10 16! 0.16 
High volatile 175 


Activation energy 
(kJ mol~') 


scale of this phenomenon is much higher than the time allowed for coal to sti 
in the raceway, so that complete combustion is hardly achieved in the 


Numerical model calculations (Steiler et al., 1994) allow the estimation 
the map of temperature, gas analysis, and combustion rate in the raceway are: 


(Fig. 10.12). Poor mixing of coal particles and blast is observed, which resu 

in a slow heating up of coal and delayed ignition. Reaction mostly proceeds 
the external boundary of coal plume. Consequently, combustion is incompl 
in the raceway: typically the combustion rate is limited to ~70% for 
injected level of 180kg/tya, with blast temperature at 1200°C and oxyge 
content of 22.5%. Some unburned char is therefore likely to escape from 
raceway. 


The gasification reaction by CO; or H20 is much faster for char than fo 
coke (Steiler et al., 1994). The starting temperature, however, remains close tt 


950°C, whatever the carbon material. The kinetics of char g 
increases with the amount of volatile of coal, whereas the prey 
conditions of char have virtually no effect on gasification (Table 10.4). 


difference in char reactivity can be explained by the structure: low-vol til 


coals produce compact char, with low specific area, whereas high-volati 
coals give ‘balloon type’ char with very high specific area, enhancing tl 
accessibility of gas. 


10.3. PHYSICAL CHEMISTRY OF METAL AND 
SLAG FORMATION 


10.3.1. Properties of Phases 
10.3.1.1. Metal phase properties 
Solubility of carbon in liquid iron 


Hot metal is a multicomponent Fe-C-X alloy in which the degree of ca 
saturation is usually 95-100%. The solubility of carbon in pure iron is 
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by the temperature only, according to the following relationship, representing 
to the liquid-graphite phase boundary in the Fe-C diagram (Chipman, 1972): 


%Csa = 1.34 + 0.002 53 t (°C) (10.12) 
Other dissolved elements in iron act on carbon solubility (Table 10.5). 


Activity of elements in liquid iron 

The activity of elements in hot metal can be described according to the 
interaction coefficients formalism; for convenience, the activity of solute i is 
expressed with reference to a Henryan weight% standard state: 


a-f(W) f= activity coefficient; f — 0, as (%i) > 0) — (10.13) 
log(f) = ^ e| 06) + Y^ Y; ri^ (%j) (6k) (10.14) 
į jk 


e| = first-order interaction coefficient; rí^ = second-order interaction 
coefficient. 

The values of interaction coefficients for the most important elements can 
be taken from the literature (Rist et al., 1978). 

Typical activities of hot metal constituents are reported in Table 10,6. 
Silicon activity is strongly increased by carbon, so that the activity coefficient 
of silicon is much higher in Fe-C melts than in pure iron. 


Physical properties of hot metal 
The density of hot metal can be estimated using a rule of additivity of specific 


Table 10.5 Effect of elements on carbon solubility in iron (1500°C) 


i Mn Si P s Cr Ti 


A%C*/A%i 0.032 —0.33 —0.32 —0.41 0.08 0.18 
Mystere Braco a a ai la bet Nes a RARE 


Table 10.6 Typical activities of components in hot metal 


Mn P s Si c Fe* 
0.02 0.30 4.85 94.5 
6.0 10.5 5.8 0.88 
0.12 3.15 28.2 0.83 
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volume of each component (Lucas, 1964); at 1500°C, the relationship 
(density in tm^?) 
l 
P = 0.142 + [18.56 C) + 13.2(%P) + 25.5(%Si) + 3.3(%Mn)] x 10-4 
(10.15) 


The viscosity of liquid hot metal varies between 0.4 and 0.6 Pas fo 
temperature in the range 1450-1550°C; owing to their usually low concentra 
tions in hot metal, components other than carbon can be assumed to have 1 
significant effect on the viscosity of liquid metal. However, if solid particl 
are precipitated from the liquid (e.g., graphite, titanium carbonitrides, ...) 
flow behavior may become very poor. 


10.3.1,2. Slag properties 


Blast furnace slags belong to the CaO-SiO,-Al,0;-MgO system. Min 
components MnO, FeO, Na;O, K;O, ... are also present, but their effect 
physical and chemical properties is not quantitatively established. 
The composition of blast furnace slag is adjusted so as to satisfy th 
following criteria: s 


* Liquidus temperature in the range 1350-1400*C 
* Good fluidity 
* Capacity to retain impurities (S, K), by slag-metal or slag-gas 

The chemical composition of blast furnace slag is typically in the 
0.9 < CaO/%SiO2 < 1.2; 9 < %ALO; < 12; 5 < %MgO < 10. 
domains of liquid phases exist in the system CaO-SiO;-ALO;-] 
temperature levels of 1350-1400°C (Fig. 10.13). It is generally accepted 
the presence of minor components in slag results in a total drop of liquidu 
temperature by ~50-100°C. 

As long as slag is completely liquid, its fluidity is satisfactory, although it 
viscosity is about 100 times higher than that of liquid hot metal. The vi: 
of liquid slag can be well estimated in the system CaO-SiO;-ALO;-Mg! 
according to a model derived by Urbain (1987), taking into account temp 
ture and composition (Fig. 10.14). A temperature drop of 50°C results in 
increase of viscosity by ~ 35%. 

The activities of components of liquid slags can easily be computed fron 
thermodynamic models, relying on a structural description of the slag (cel 
assumption) and using actual thermodynamic data (phase diagrams, activi 
etc.) to fit some parameters. The most complete model developed by Gaye 
al. (1984, 1992) allows the calculation of activities and sulfide capacity in thi 
multicomponent system CaO-SiO;-ALO4-MgO-MnO-FeO-TiO; 


Ironmaking reactions 329 


GO 10 æ% 03 24 Ø © 7 9 WO 
Mer: mervinite ^ Mon:montielite 10% ALO, section 


Figure 10.13  Liquidus surface in the system CaO-SiO;-Al;O;-MgO; section 
at 10% Al,O3. 


10.3.2. Transfer of elements between metal-slag-gas 


10.3.2.1. Observations on the formation of liquid slag and metal 


The formation of liquids occurs in a ‘reactor’ located between the fusion zone 
and the hearth of the blast furnace, as a result of heat and material transfer 
between gas, solids (coke, partly smelted ferrous phases), and liquids (metal 
and slag) (Fig. 10.16). Complex conditions prevail in that part of the blast 
furnace, involving cross currents between gas and liquids, inducing strong 
heterogeneity of the physicochemical conditions across the radius of the 
furnace. Basically the formation and processing of liquids is governed by 
three major parameters: 
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Figure 10.14 Viscosity of liquid phases in the CaO-SiO,-Al,0; 
(Urbain, 1987). 


* The temperature at the reaction interface 

* The local oxygen potential 

* The contact conditions between phases, resulting from the size of t 
reacting zones and the flow conditions , 


Formation of liquids (slag and metal) occurs through successive stages © 
softening and melting within quite a large temperature range (1100-1350 c 
The melting temperature of ferrous phases is primarily governed by Al2O3 
residual oxygen content; it is high when the oxygen content is low; conse " a 

quently, the temperature of liquid formation results not only from the initi Sulphide capacity (C's) 


chemistry of ferrous burden (basicity, etc.), but predominantly from Figure 10.15 (a) SiO, activity in the quaternary system CaO-SiO,-Al,O;— 
progress of the reduction process. The primary slags exhibit a signific: MgO at 10% MgO and 1500°C; (b) sulphide capacity (log C'S) in the CaO-SiO;— 
amount of FeO (15-20%). At first, the liquid metal contains large amounts | Al;O; system at 1500°C (in blast furnace type slags, model computations (Gaye 
sulfur and phosphorus, both elements lowering the melting temp: e et al., 1984). 
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Figure 10.16 Principles of the formation of metal and slag; sulfur transfer. 


pure iron, whereas carbon and silicon are absent. In the dropping zone, 
metallic phase flows down through the coke bed and becomes enriched 
carbon, silicon, and manganese, and sulfur is transferred to slag. 


10.3.2.2. Oxygen potential in the hearth 


The transfer of an element via slag-metal reaction in the hearth n 
involves simultaneous oxygen exchange. The partition of the element is 
governed not only by its activity in both phases but also by the 
potential at the reacting interface. This potential can be represented by th 
partial pressure of oxygen or the oxygen activity at the slag-metal interface. 
the hearth conditions, the reacting interface to be considered is that of 
droplets passing through the slag layer in the coke packed bed. 

Several metal-slag redox reactions may be used to define the 
potential at the interface, some of them listed below. The values can 
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computed from the data of pure substances (Barin et al., 1977) and metallic 
solutions (Rist et al., 1978): 


Ce +O € CO; log(ao.c) * — 4.43 + log(Pco) —log(ac) (10.16) 


Si--20 ¢ SiOz; log(ao,si) = Ed +64 i - [log(asio.) — log(as;)] 
(10.17) 
15050 
Mn +O & MnO; _ log(ao.Ma) = ~~ + 6.7 log(awso) — log(aws)] 
(10.18) 
6320 
Fej, +O €» FeO; log(ao,re) = ——7— + 2.7 + log(ar«o) — log(are) 


T 
(10.19) 


Computation of oxygen activity is somewhat difficult owing to lack of 
knowledge on the actual conditions at interface. Unless other assumptions are 
made, the hot metal temperature is used as an estimate of the actual hearth 
temperature. The partial pressure of CO inside the bubbles formed at the 
interface between metal droplets and slag is estimated as a function of blast 
pressure, hydrostatic pressure in slag layer, and nucleation: 


Pco = Ps +0.32h + Pa 


with P, = absolute blast pressure (bar); h = average height of slag layer (m); 
P, = extra pressure required for bubble nucleation. 

The nucleation pressure can be assumed as negligible, owing to an excess of 
possible nucleation sites in the coke packed bed. For large blast furnaces 
operating at high blast pressure, Peo may thus be in the order of 3—4 bars. 
This value is considerably higher than the partial pressure of CO prevailing in 
the bulk gas phase of the bosh area, i.e., above the slag surface, where it can be 
estimated as 40% of blast pressure (i.e. ~ 1,5 bar). 

From equilibrium considerations (Fig. 10.17), it can be observed that 
silicon is likely to become oxidized by FeO and/or MnO in the hearth. In 
general, C-O equilibria exhibit somewhat lower values of oxygen potential 
than Fe-O or Mn-O equilibria. 

If total equilibrium between slag and metal were prevailing, the different 
Previous reactions would define one unique value of oxygen activity. In fact, 
this is scarcely observed, and the various partial equilibria lead to slightly 
different oxygen potential. Industrial trials involving direct measurement of 
oxygen activity with an electrochemical cell have shown that the oxygen 
activity can be reasonably well predicted according to the Si-SiO, equili- 
brium (Fig. 10.18). 
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Š 
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Figure 10.17 Oxygen activity corresponding to different equilibria in tl 
hearth of the blast furnace. 


Figure 10.19 Principles of silicon transfer phenomena. 
aĝ agi-10* — — - equilibrium e skimmer otap hole 
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10.3.2.3. Mechanisms of silicon transfer 


Reduction of silica in the blast furnace is quite different from the reduction of 
other oxides (MnO, P205, etc.), owing to the existence of the gaseous oxide 
SiO. The mechanisms of silica reduction are thus merely described in terms of 


100 formation and consumption of SiO in the reactor located below the cohesive 
zone (Steiler, 1989; Turkdogan et al., 1980; Tsuchiya et al., 1972; Sugiyama et 
z al., 1990) (Fig. 10.19). 
Formation of SiO 
The formation of SiO occurs by reduction of silica, according to following 
reactions: 
SiO; +C + SiO + CO (10.20) 
10 or 
550 580 (oor 570 SiC + CO $ SiO +2C (10.21) 
Figure 10.18 Measurement of oxygen activity by electrochemical cell in he Figs CUR nc Kab (10.22) 


metal: Si-O equilibrium. 
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with K, = equilibrium constant of reaction; a; = activity of i (i = Cor Si with Ag; = ifi T = — a. 

Xco = concentration of CO in gas; P = total pressure. f pressure of sat © area gas-liquid metal; P; = equilibrium partial 
The partial pressure of SiO increases with temperature and the activity o 

silica (10.22). At elevated temperature (> 1620°C at a pressure of 3 bars) SiO, Slag-metal reaction in the hearth 

is no longer stable in contact with carbon, and SiC is formed; the correspond: The slag-metal reaction in the hearth probably contributes to siliconization t 

ing partial pressure of SiO (10.21) remains in the order of 0.01 bar. Activity of a lesser extent than SiO reactions; it occurs when metal droplets flow dicus 

silica is close to 1 in carbon mineral matter and less than 0.01 in primary slag the slag layer, 

Consequently, only carbonaceous materials (coke, coal) are considered 

contribute significantly to SiO production. 
From the kinetics point of view, the rate of SiO formation is promoted b 

high temperature, high partial pressure of emitted SiO, and high specific are 

ash-carbon; in particular, the existence of liquid ash wetting the carbor 


SiO; + 2C e Si « 2CO 


2 
r Lu 
%Si -x(ze) we (10.28) 


(10.27) 


t o with a; = activi TA EN r 
surface enhances SiO formatan) pene Sic tae e di B : partial pressure of CO at interface; 
dnsi Hi; F : 
pe = hy PhoAac 23) igh temperature, high carbon content in metal, low blast pressure, and 


igh silica activity) tend to Promote silicon transfer 


low slag basicity (hi h 
9 into 


with &, = kinetic constant; Aac = specific area ash-carbon; Po = metal. 
rium partial pressure of SiO. The gaseous SiO formed at tuyeres flows upwan 
with the gas stream, and can be subjected to a great variety of physicochemi 
conditions according to local conditions, especially oxygen potential. 


Consumption of SiO by oxidation 
Oxidized primary slags act as a sink for SiO and Si. The reaction is pro 


by high FeO content and high basicity of slag. 10.3.2.4. Silicon equilibrium in the hearth 


Consumption of SiO by reduction Silicon equilibrium (Steiler et al., 1990) between and slag i i 
Reduction of SiO by carbon is the effective reaction that contributes to mel by Equation (10.29): ; ) metal and slag is described 
siliconization: log(%Si*) = 2 
= 28700/T — 16. T 
SiO + C e Si- CO ) /T — 16.1 + log(asios) — log(fs)- 2log(ac) — 2log(Peo) 
AS = KePhoae zh L SEDI 
© Fco fa A) = [Ac + RT in Zo a] 

with ac = carbon activity in metal; fs; = activity coefficient o 46 asioa 


%Si* = equilibrium silicon content. ‘ 

The conditions favorable for high equilibrium silicon content in metal a 
high temperature, high SiO partial pressure, high carbon content in m 
droplets, and low partial pressure of CO (i.e., high reducing potential). 
the kinetic point of view (Tsuchiya et al., 1972), silicon transfer into met 
enhanced by high emission of SiO, high temperature, and efficient 


conditions: small size droplets, high reaction time (i.e., high cohesive z Point of view, the bosh conditions tend to 


= Promote silicon transfer to metal, whereas earth iti 
iT It). hi d 
low specific gas flow rate, low throughput). transfer to sl V hy oxidad J conditions promote silicon 
dnsi Pio 2 xamination of industrial results shows that slag-metal equilibrium is 


*pproximately achieved for silicon, wi 


th a partial pressure of CO between 3 


338 Jean-Marc Steiler 


Figure 10.20 Silicon-oxygen equilibrium in hot metal (industrial cast 
SOLLAC Fos). 


and 4 bars (equivalent to oxygen activity between 1.5 x 1075and2.5 x 10 
(Fig. 10.20). 

"These results suggest that increasing the availability of oxygen at the 
droplet interface may result in a better approach to equilibrium and a 
silicon content at cast. Industrial application of these principles has 
that it is possible to reduce silicon content by controlling the oxygen 
in the hearth, either by proper action on the position of cohesive zone, or 
injection of iron oxides through tuyeres (Brun et al., 1988). 


10.3.2.5. Transfer of other elements between metal and slag 
The transfer of elements other than silicon involves metal-slag 
occurring mostly as metal droplets pass through the slag layer (Steiler et: 
1990; Turkdogan et al., 1980). The extent of reaction is defined by 
partition ratio: 


Px = %Xag)/%X a mer ao. 


Manganese transfer 
Manganese transfer takes place according to the metal-slag reaction: 


MnO 4 € & Mn + CO 
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55 5.6 57 58 59 
10000/T 
Figure 10.21 Mn-oxygen equilibrium in hot metal (industrial cast data 
SOLLAC Fos). 


with fin = activity coefficient of Mn in metal; ?qno = activity coefficient of 
MnO in slag. 

Manganese recovery in metal is improved by high temperature, high 
basicity (decrease of activity coefficient of MnO in slag), and low oxygen 
potential (characterized by the ratio Pco/ac). 

Analysis of industrial results shows that slag-metal equilibrium for 
manganese would correspond to an oxygen activity in the range 2 x 107° 
104 x 1075, i.e., somewhat higher than silicon equilibrium (Fig. 10.21). 
Sulfur transfer 
Sulfur transfer takes place according to the following metal-slag reaction, 
involving simultaneous oxygen transfer (Fig. 10.16): 

S+ Oas € O+ S5, (10.34) 

In the blast furnace, lime is the major desulfurizing agent, so that the 
previous reaction is often written as 

S + CaO + O + CaS (10.35) 
Hode- _ YoSsing do fe- 4o fo- 
Kies M EO Ca Sun 10.36 
Bso- Té meu fi ao Sa.” dg impe 
with a; — activity of metallic species in metal or ionic species in slag. 

The sulphide capacity of slag Cs (Equation 10.38) is a characteristic 
Property of slag, increasing with temperature and slag basicity; it represents 
the ability of slag to absorb sulfur under given conditions of oxygen potential 
and temperature. The sulfur partition ratio is finally expressed as 


log(Ps) = log(Cg) + log(/s) — log(ao) 


(10.37) 
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log[ %S stag / %S metai ] 


0.50 0.60 070 080 0.90 1.00 1.10 120 
log[ C's / ao] 
Figure 10.22 Sulfur equilibrium in hot metal (industrial cast data 
Fos); operational results compared to calculated equilibrium line. 


with 
Zion 
C, = Ks on 


"The oxygen activity at the slag-metal interface may be defined with the 
of Si-SiO; or Mn-MnO equilibrium, according to reactions (10.1 
(10.18). The manganese partition ratio is often used as an easy method 
index for oxygen potential, and it is well known that a close is 
relationship is obtained between sulfur and manganese partition rati; 
result does not mean that the amount of manganese in hot metal exhil 
favorable effect on sulfur transfer; the only governing factor with 
sulfur transfer is the manganese partition ratio, as an index for 

Analysis of industrial results shows that sulfur transfer is generally close 
equilibrium conditions (Fig. 10.22). Sulfur transfer into slag is promoted b 
high temperature, high slag basicity, and highly reduced slag. Equation 10.3 
gives the sulfur content in hot metal, taking into account the mass balance: 
sulfur in the blast furnace (Fig. 10.23). 


cante input Re c. 
10 + 0.01LC; (fs/ao) 


%~S = 


with L = slag rate (kg/tyyx4); %S = sulfur content in metal (%). 
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10.3.26. Alkali transfer 


MAE of alkalis in the blast furnace 

1 eos features of alkali behavior in the blast furnace are now quite well 

ke lished, at least qualitatively (Lu, 1973; Steiler €t al.; 1984). Alkalis enter 
furnace as complex silicoaluminates in raw materials (ore, coke, coal, etc.), 


get concentrated and stored within the areas where thei; i 
Alka o cir red; 
a ASA reactions are the most active, i.e., in the range 1 looloa a M 
á : um and potas sium may be subjected to cycling in the blast 
urnace; despite large similarities in their thermodynamic Properties, sodium 
m > 


species, so that the i i 
E: Bi ag Cycling phenomena are less pronounced for sodium than 


Alkali equilibria between gas and slag 


Alkali dissolution into slag i ii 
ee * lag involves simultaneous exchange of. oxygen, and can 


Kt +30% eK, +10, (10.40) 
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ture 
Ce) 
200 
Wall 
1100 
1300 Figure 10.25 Potassium capacity of blast furnace slag (Steiler et al., 1984, 
1990). Reprinted with permission of the Iron & Steel Society. 
1500 concept of ‘potassium capacity’ of slag, Cx, which is defined similarly to the 
sulphide capacity: 
1 
L] sotid component x =~ r (10.43) 
Circulating load Ri tfr: aos 
h The potassium capacity of slag is a characteristic property of slag at a given 
Figure 10.24 Mechanisms of alkali circulation in the blast furnace (Steller temperature that provides a measure of the ability of slag to dissolve 
al., 1984). Reprinted with permission of the Iron & Steel Society. | potassium under given conditions of oxygen potential and partial pressure of 
potassium. From laboratory investigations, it is known that the potassium 
capacity of slag is a decreasing function of temperature and slag basicity 
with (Turkdogan et al., 1980; Steiler et al., 1984). In addition, replacement of lime 
by magnesium oxide at constant basicity ([CaO + MgO]/SiO;) tends to 
id PxW/Po, (10. improve the potassium capacity (Fig. 10.25). 
Kx = ax: Jag Finally, the content of potassium oxide in slag at equilibrium with gas phase 
can be derived from the following relationship: 
Experimental studies of the thermodynamics of potassium in liquid last 
furnace type slags (Steiler et al., 1984) have established that, for limited (%K20) = Cx - Px - /Po, (10.44) 
of potassium content in slag (<3%), the following relationship holds: Analysis ‘of operati "use isime poled we 
= fk(%K20) (10. relationship between the potassium oxide content in slag and the potassium 
ese capacity (Fig. 10.25). In fact the equilibrium potassium content in slag is 
diae Pa. slag, referred to a weight % standare controlled not only by the slag capacity but also by the oxygen potential and 
= = ais wes NES ions; Pk — partial pressure. the partial pressure of potassium, which is unknown. Morcover, this pressure 
ponds vapor; Po, — partial pressure of oxygen. probably reflects the extent of the cycling phenomena, and is likely to vary 
Ponte previous" expressions can be much simplified by introducing the considerably with the gas distribution pattern inside the blast furnace. 


| aera 
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Table 10.7 Control of partition of elements between metal and slag 


Action on oxygei Y 


Element Partition Action on slag Action on 
X coefficient basicity to temperature to potential to | 
%Xsiag reduce reduce reduce 
Jo X metal concentration of concentration of concentration o 
Xin hot metal X in hot metal X in hot metal 
Si 30-80 1 1 1 
Mn 022 l 1 1 
E 10-80 1 1 
P =0.1 Limited effect = No effect No effect 
Ti 8-15 T 1 t 
Cr  0,05-0.1 " ? 1 
Ni Cu «0 No effect. No effect. 


10.3.27. Summary of chemical transfer in the hearth of the x! 
blast furnace 


Slag control is a very effective way to govern the behavior of impurities and : 
adjust the chemistry of hot metal. Typical values for partition ratios 
different elements are summarized in Table 10.7, which also indicates 
respective effects of slag basicity and temperature on hot metal analysis. rh 
high reducing conditions of the hearth account for the good desulfuriz 
capacity of blast furnace, which is much higher than for the steel converter, [ 
contrast, for elements such as P, Cu, and Ni, nothing idcm in Es 
furnace to modify their partition. The only way to limit concentration i 
hot metal is by reducing their input levels in the burden. ? Some of 
objectives in terms of hot metal chemistry may require conflicting actiom 
For example, lowering the basicity and the temperature to promote 
dissolution into slag is detrimental to sulfur partition between metal and 
Replacement of CaO by MgO at constant basicity, leads to a slight. nct E 
potassium capacity of slag, with virtually no effect on sulfur capacity; this 
thus help to achieve simultaneous alkali removal and efficient desu z 
The final choice of slag composition therefore generally represents a com 
mise, determined by local constraints. ; è r 
The oxygen potential plays a determinant role in the reactions taking place 
in the hearth. Its control is somewhat difficult, as it involves the entire bla 
furnace process, especially the location and shape of the cohesive zone. In tl 
respect, achievement of a safely controlled amount of FeO in the areas whet 
the formation of SiO gas is the most active is a way to depress the silic 
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tion of hot metal; this can be done by adjustment of the charging pattern of the 
furnace in order to stabilize the roots of the cohesive zone in a low position, 
However, such actions, encompassing different aspects of the Process, must be 
finely tuned so as to avoid undesired effects such as degradation of sulfur 
partition. Optimization relying on a comprehensive knowledge of the process 
is required. 
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ILI. INTRODUCTION 


Owing to the large capital cost and environmental problems associated with 
the conventional methods of producing iron using a sinter or pellet plant, coke 
plant, and a blast furnace, there is a worldwide effort to develop a process 
which eliminates one or more of the existing processes and is less capital 
intensive. The processes which appear to be most promising are several 
versions of smelting reduction or bath smelting. In these processes coal is 
used directly, eliminating the coke plant; in several cases, the ore is also used 
directly, eliminating agglomeration. Also, owing to the fact the reactions are 
conducted in an intensely stirred liquid phase, the specific productivity 
(tm? day~") is considerably higher than in the blast furnace. 

After iron is produced in a blast furnace, or in a smelting process, it must be 
further refined to remove unwanted impurities. This is usually accomplished 
in an oxygen steelmaking (OSM) vessel. In OSM, oxygen oxidizes carbon, 
silicon, and phosphorus, and sulfur is transferred to a refining slag. The other 
main method of producing steel is by melting scrap or other forms of iron in 
an electric arc furnace (EAF). 

The oxygen steelmaking and iron smelting processes differ significantly 
from the iron blast furnace. The OSM and smelting processes utilize liquid 
metal-slag-gas well stirred reactors. The bulk metal and slag are relatively 
homogeneous. The chemical reactions are fast, approach equilibrium, and are 
often controlled by mass transfer. In contrast, a large portion of the blast 
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furnace, the stack, is a countercurrent gas-solid reactor and in the hearth Y 
is little stirring and complete gas-metal-slag equilibrium is not achieved, 
Consequently, although iron smelting is basically a reducing process and 
steelmaking oxidizing, the reactor characteristics and the basic principles. 
governing these two processes are similar and they differ from the bl: 
furnace. 

In this chapter the smelting and OSM processes are briefly described. For 
bath smelting the main reaction is the reduction of the ore which is dissolved 
in the slag phase, and is discussed in detail. Oxygen steelmaking is the subject 
of numerous books and thousands of research studies. Consequently, only a 
brief summary of our current understanding can be presented in this chapter, 
The most important reaction in OSM is decarburization and many of the 
other refining reactions depend on this reaction. This reaction is described in 
some detail but cannot be fully documented; it is adequately described in 
several sources. The control of nitrogen is becoming more critical and thi 
reaction has not been thoroughly investigated for steelmaking conditions, 
This reaction also demonstrates many of the fundamental phenomena dis- 
cussed in previous chapters. Consequently, this reaction will be examined in 
more detail. 


11.2. IRON SMELTING H 


11.2.1. Process Description 

The iron smelting reduction, or bath smelting, processes are not ES 
new; versions of these have been attempted for several decades. However, in. 
the last ten years there has been tremendous renewed interest and advances. 
these technologies. The driving force for these advances are envi 
concerns and the need to reduce capital costs associated with 
technologies. The iron blast furnace requires coke and the cokem 
process has serious environmental problems; as to a lesser degree do 
plants and blast furnaces. The capital cost associated with the coke pl 
sinter plants, and the blast furnace are enormous compared with the val 
added to the raw materials. The blast furnace has improved significantly in. 
past twenty years with regard to productivity and coke rates. However, it v 
always require some coke and its productivity in theory is limited since it is @ 
countercurrent solid-state reactor. In general, liquid phase reactors provide 
for faster heat transfer and rates of chemical reactions. 
The bath smelter itself may be a vertical or a horizontal reactor. A gene! 
vertical smelter along with the reactions is shown i in Fig. 11. 
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(FeO) «C «Fe «CO 


(FeO) + C= Fe «CO 
(FeO) « C - Fe « CO 


Figure 11.1 Schematic diagram of generic bath smelter indicating chemical 
reactions. 


slag or metal bath and oxygen and/or air is blown into the reactor to combust 
the coal and partially post-combust the reaction gases CO and H3 to CO; and 
H20. When the ore is added to the slag it dissolves into the slag as iron and 
oxygen ions (‘FeO’) and then it is reduced by the coal char or carbon dissolved 
in metal droplets in the slag phase. A key feature of the new generation of 
smelting processes is post-combustion of the reaction gases above the bath or 
in the slag. The equilibrium gas without post-combustion would contain 
primarily CO and Hp. Partially post-combusting these to CO; and H2 
Provides over 60% of the energy required to the process. However, the post- 
combustion gas is oxidizing to carbon and, in many cases, iron. Therefore, the 
heat from post-combustion must be transferred to the bath without extensive 
oxidation of carbon or iron. The off gas from the process which contains a 
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mixture of CO, CO2, Hz, and H30 is cleaned and then used in second reactor 
to preheat and prereduce the ore feed. 

"There are several versions of bath smelting, which are reviewed in several 
publications. These include the AISI Direct Steelmaking (Aukrust and 
Downing, 1991) process, the Direct Iron Ore Smelting (DIOS) (Inatani, 
1991) process developed by the Japanese Iron and Steel Federation, 
ROMELT (Romenets, 1990) in Russia, and HIsmelt (Klogh et al., 1991) 
being developed by CRA in Australia. These processes have several dit 
features; for example, HIsmelt uses air in place of oxygen and AISI uses 
pellets in place of fine ore. However, the basic phenomena are similar in all 
these processes. In the following sections the basic critical phenomena will be 
examined and any major differences in the various processes with regard te 
these will be discussed. 


11.2.2. Critical Process Phenomena 

"The keys to a successful and optimized smelting process are energy i 1 
reflected in a low coal rate; a high productivity resulting from fast metallurgi- 
cal reactions; and control of the metal quality. Energy efficiency d 
primarily on the degree of post-combustion and prereduction. Productivil 
depends primarily on reduction and slag foaming, and the metal quality is 
determined by the slag-metal reactions. 


11.23. Energy and Materials Balances 


T 
The energy and materials balances are complex and depend on several input 
variables but they are exact for the given set of operating conditions. These 
balances are discussed in detail in several publications, for example, = 
Fruehan et al. (1988). The most important input variables are: H 
e Coal chemistry: High-volatile coals usually have lower net heat content 
and more hydrogen, which makes post-combustion more critical. [ 
© Prereduction and preheating: The more highly the ore is prereduced 
preheated to higher temperatures, the lower the coal rates. 
© Post-combustion and heat transfer: With higher post-combustion and heat - 
transfer from post-combustion, the coal rate drops significantly. Although - 
these are set in making the energy and material balances, they depend on 
the operating parameters and the physics and chemistry of the system. 
Consequently post-combustion is limited, as discussed in the next section. 
The effect of post-combustion rates (PCR) on the coal required is shoe 
in Fig. 11.2 for a constant set of operating conditions. 
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1100, 


PCR (%) 


Figure 11.2 The effect of post-combustion ratio (PCR) and prereduction 
(PRD) on coal consumption. From Fruehan et al., 1988. 


%CO2 + %H20 


PUR e222) ELLA 
%CO + %CO2 + %H2 + %H20 


x 100 (11.1) 


This figure illustrates that increasing PCR from 25% to 45% decreases fuel 
consumption by about 200 kg per tonne of metal produced and that PCR is 
more critical for high-volatile coals. Increasing PCR also reduces the oxygen 
requirement, which is a major cost consideration. 

In general, it is desirable to maximize post-combustion while being 
consistent with the amount of prereduction required. If the PCR is too high, 
the off gas will not have the reducing potential required for prereduction. The 
PCR and prereduction must be optimized simultaneously to give the lowest 
fuel rate. Since it is easier, both thermodynamically and kinetically, to reduce 
Fe20; to FeO than FeO to Fe, all the processes aim to preheat to about 800°C. 
and prereduce the ore to FeO only and attempt to achieve a 40-60% PCR in 
the smelter. One exception is ROMELT, which does not preheat or prereduce 
the ore in order to keep the process as simple as possible and capital cost low; 
however, significantly more coal is required. The ore and slag chemistry, heat 
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losses, and amount of dust also affect the energy and material balances but are 
less critical than those listed above. 


11.2.4. Post-combustion 


Post-combustion is probably the most critical factor in determining the 
energy efficiency and economics of the process. In general, the smelting - 
processes aim for a PCR of 40-60%. This gas composition is oxidizing to. 
both carbon as char or carbon dissolved in iron. Therefore, if the CO2 and 
H20 contacts char or iron, ‘depostcombustion’ reactions can occur, for 
example: 


CO, + C = 2CO (1.2). 
CO, + Fe = CO + FeO (11.3) 


Similar and equally important reactions can occur for H5O. It is therefore 
necessary to isolate the post-combusted gas from the metal and char. In the 
‘deep slag’ processes, such as DIOS, AISI, and ROMELT, this is done witha 
large quantity of slag. In HIsmelt it is accomplished using air rather than 
oxygen for post-combustion; the nitrogen retards the depostcombustion 
reactions by lowering the pressures of CO; and H20 and hence, the driving | 
force for the reactions. 

Post-combustion is a very complex phenomenon and depends on fluid flow 
in the gas phase and the process parameters affecting the depostcombustion 
reactions. Researchers at IRSID (Huin et al., 1988) developed a reasonably 
simple concept to describe post-combustion in oxygen steelmaking which can 
be applied to smelting. The post-combustion (PCR) can be related to the 
fraction of the off gases, CO and H3, from the process which are entrained in ' 
the oxygen jet (y) and the fraction of the post-combusted species (CO and 
H50) which react with carbon and iron (x): & 

(11.4) 


PCR = (1 — «)(100) 


"The model assumes that the species (CO and H;) entrained into the oxygen | 
jet react upon mixing. The fraction of entrained gases can be computed using 
various commercially available computer programs describing fluid flow ina 
single phase. " 

The fraction of post-combusted gases rereacting (x) is much more difficult 
to compute. It depends on the surface areas of the char and iron exposed to the 
gas, mass transfer conditions, and possible chemical kinetics on the surfaces. 
For example, « increases if there is excess char in the slag, if there is excess 
bottom stirring, which ejects more metal droplets into the gas phase or the top 
of the slag phase, or if a gas jet has high velocity, i.e., a ‘hard blow’, such that 
the jet penetrates to the metal phase. In most cases, x cannot be computed | 
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1120*C 


Offgas Temperature -1567*C PC =44.2% 
Bath Temperature -1420*C HTE =86.7% 
Figure 11.3 Computer calculations of CO (volume fraction) contours in the 


Hismelt reactor (Hardie et al., 1992). Reprinted with permission of the Iron & 
Steel Society. 


from basic principles only. It is computed from actual PCR values and 
computed values of y. An example of such a calculation for the HIsmelt 
process is shown in Fig. 11.3 (Hardie et al., 1992) showing the gas composi- 
tion. 

For bath smelting, post-combustion is more extensive and complex than for 
OSM. In smelting, coal is used which has 10-45% volatile matter (VM). The 
VM comes off rapidly during heating and the rate of devolatilization is 
primarily controlled by heat transfer. For top feeding, the coal ranges in size 
from 2 to 4cm and most of the volatiles are released in 1 to 3 seconds. The 
result is that the volatiles are released in one specific area and rapidly. 
Consequently, it is not possible to entrain as much of the off gas in the 
oxygen jet as if the gases were evolved uniformly. For processes in which the 
coal is injected into the metal or slag, the particles are much smaller, in the 
range of 1 mm or less, and volatilization occurs in a fraction of a second. This 
results in a small amount of the volatiles dissolving in the metal and more 
ees evolution of the VM, which generally results in higher post-combus- 

lon. 

Another complication with coal is that a large percentage of the post- 
combusted gas is H20. As discussed in Chapter 4, the dissociation of H50 is 
an order of magnitude faster than for CO». This increases the degree of 
depostcombustion for gases with higher amounts of H20. Consequently, for 
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these reasons and possibly others, post-combustion decreases as the percen- 
tage of volatile matter increases. 
In general, post-combustion is affected by the process as follows: 


* It decreases with increasing volatile matter. 

e It decreases with gas jet velocity by decreasing the rereaction of the co 
and H20 (depostcombustion). 

e It decreases with excessive char or metal in the slag by increasing te 
reaction surface area for depostcombustion. 

e It increases as the distance between the top of the slag and oxygen lance 
increases by improving gas entrainment and decreasing jet penetration, 
which decreases depostcombustion. However, when the oxygen lance is- 
high the heat of post-combustion is generated far from the slag surface 
heat transfer is more difficult. 

e It may decrease with lower sulfur in the metal since sulfur is surface active 
and retards the rate of the depostcombustion reactions. 


11.2.5. Sulfur and Phosphorus M 
The behavior of sulfur is complex but has been studied extensively and is 
reasonably well understood. In smelting, most of the sulfur comes from the 
coal. The sulfur content of bath smelting metal is significantly higher 
that from a blast furnace because the sulfur input is greater, since coal is 
directly, and the oxygen potential for slag-metal reaction governing the si 
partition is higher. 

When the coal is added to the smelter the sulfur associated with the 
volatiles—about half—enters the gas phase and reacts to form its equilib: 
species, primarily H2S. As the coal is combusted, some of the mineral 


there is a gas surrounding the char, insulating it from the slag but allowing 
sulfur to enter the gas phase. The remainder of the sulfur enters the slag an 
metal. Sulfur also vaporizes from the slag as H2S at a slow rate. The net res 
is that a large fraction of sulfur from the coal initially enters the gas 
primarily as H,S and COS. However, these gaseous species react with 
and CaO in the dust to form FeS and CaS, which are removed in the ga 
cleaning system: 


Fe + H2S = FeS + Hz 
CaO + H2S = H20 + CaS 


When the dust is recycled into the smelter the CaS and FeS dissolve in the 
slag, adding sulfur to the slag and metal. Consequently, the majority of b 
sulfur enters the slag and metal from the recycled dust. 
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The sulfur in the slag and metal reaches equilibrium between the two 
phases and can be computed from thermodynamics. Using the sulfide capacity 
(Cs) of the slag defined in Chapter 2 and knowing the oxygen potential of the 
system, the sulfur partition (Ls) ratio can be computed: 


(11.7) 


(11.8) 


where (%S) and [%S] are the sulfur contents of the slag and metal, 
respectively. The sulfur pressure is computed from the sulfur in the metal 
from the equilibrium for the following reaction: 


S=}5 (11.9) 
us 
Fo mE (11.10) 


where f, is the activity coefficient of sulfur with respect to infinite dilution in 
liquid iron. The value of f, increases with increasing carbon content. The 
oxygen potential is controlled by the Fe-FeO equilibrium. In this chapter the 
parentheses indicate that the component is dissolved in the slag: 


Fe 4-10; = (FeO) (11.11) 
2 


Ky =e, (11.12) 

FeO, 
Combining Equations 11.7 through 11.12 the sulfur partition ratio is given by 
Ls — CsfsareoKoKi1 (11.13) 

AFO 


The sulfur distribution ratio increases with Cs and decreases with the activity 
or concentration of FeO in the slag. 

A comparison of the predicted and measured values of Ls is given in Fig. 
11.4 (Fruehan et al., 1994) as a function of the FeO content of the slag. In this 
chapter, all concentrations are in mass-percent unless otherwise stated, The 
sulfur partition ratio is in the range of 4 to 10, which is considerably lower 
than for a blast furnace. Furthermore, for a blast furnace, the sulfur input is 
lower since during cokemaking about half of the sulfur is removed. Conse- 
quently, there is considerably more sulfur in the metal for smelting as 
compared to that produced in the blast furnace. For example, using coal 
containing 0.7%S the metal from the smelter will contain 0.15-0.3%S 
compared to less than 0.1% for a blast furnace. The large variation in the 
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Figure 11.4 A comparison of the computed and observed sulfur partition: 


ratios (Ls) assuming Fe-FeO equilibrium (Fruehan et al., 1994). 


sulfur content of smelter metal is primarily due to the variation in the FeO 


content of the slag, which effect Ls. 


The behavior of phosphorus is much simpler and slag-metal equilibrium is 
obtained. From the definition of the phosphate capacity (Cphosphate) th 
phosphorus distribution ratio (Lp) between the slag and metal can be 


computed: 


pea (Conosphace feto Mp 
KpMpo, 

where fp is the activity coefficient of phosphorus relative to 1 wt%, Kp is t 
equilibrium constant for the solution of phosphorus at 1 wt% in iron and J 
and Mpo, are the molecular masses of the P and PO,, respectively. 
oxygen pressure is controlled by the Fe-FeO reaction. The phosp 
capacity and, consequently, the phosphorus distribution is very sensitive. 
temperature; it decreases with increasing temperature. 

In smelting, most of the phosphorus enters the process with the ore 
similar to the metal produced in the blast furnace. The phosphate capaci 


the slags in both processes are similar. However, the FeO content is higher in 


bath smelting, resulting in slightly better phosphorus removal; 
smelter metal contains about 20% less phosphorus than blast furnace 
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11.2.6. Slag Foaming 


Owing to the extensive gas evolution the slag in smelting foams, slag foaming 
plays an important role in the process. In particular, if foaming is excessive it 
may limit the production rate. Slag foaming has been studied extensively in 
the laboratory and in the actual process. The volume of foam (Vj) is 
proportional to the rate of gas evolution (Q) and the proportionality constant 
has been defined as the foam index (X) (Ito and Fruehan, 1989): 


V= XQ (11.15) 


The foam index is essentially the time it takes the gas to pass through the 
foam. The foam index has been studied for over fifty different slags and 
several foam bubble sizes and its correlation to the properties of the slag is 
given by (Zhang and Fruehan, 1995) 


apes HES | (11,16) 


Lm 


where ji is the viscosity, c is the surface tension, p is the density, and D, is the 
diameter of the foam bubbles. 
In the actual smelting process, slag foaming is very complex. Specifically, 


* It depends on the slag properties and foam bubble size as indicated by 
(11.16). In general, bubbles formed by the oxidation of char are large and 
those from reduction by metal drops are small; the small bubbles give a 
stable foam. 

* Char in the slag breaks the foam bubbles and causes the foam to collapse. 
Typically, if there is 10-20% by weight of char in the slag, the foam is 
reduced by 50% or more. 


Despite these complications, slag foaming can be predicted reasonably well. 
For typical smelting slags with appropriate amounts of char, the foam volume 
is proportional to the gas generation rate at the temperature and pressure in 
the smelter and the foam index is about 0.2 to 0.4 seconds. From the energy 
and materials balance the total gas flow rate can be computed, and the foam 
volume using Equation 11.15. A comparison of the actual foam height in the 
AISI Bath Smelter is compared to that predicted from the foam index and the 
calculated off gas flow rate in Fig. 11.5 (Fruehan et al., 1994). The foam height 
is simply computed from the foam volume and the cross-sectional area of the 
reactor. 
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Figure 11.5 Comparison of computed slag foam heights and those measu 
as a function of off gas for AISI Pilot Plant (Fruehan et al., 1994). 


11.2.7. Reduction 
‘The primary reaction in iron smelting is reduction of the iron oxide. Owing to 
its importance, and since it demonstrates how basic principles can be used to 
predict and control critical phenomena, this reaction is examined in detail. 
The partially prereduced ore dissolves in the slag and is reduced by carbon 
the coal char or in liquid iron-carbon droplets ejected into the slag from 
metal bath. The two reactions contribute about equally to the overal 
reduction, the exact amounts depending on the quantity of char and metal 
the slag. Typically the char and metal droplets are 10-25% of the slag wei 
The higher the amount of char and metal the faster reduction, but if there is 
excessive amount of metal or char in the slag it will reduce post-comb 
and energy efficiency, as discussed previously. The planar surface 
between the metal and slag is insignificant compared to the area of 
dispersed drops and particles and contributes only about 1% to the overal 
rate. 


The FeO dissolved carbon reaction 

The reaction of Fe-C drops with FeO dissolved in bath smelting slags 
been studied extensively. Not only has the rate been measured but the actual - 
reaction has been observed using x-ray fluoroscopy by Min and Frueh 
(1992b). As the metal droplet is reacting it remains suspended in the 3 
owing to the gas evolution associated with the reaction. For 3-5 mm drops the - 
reaction takes place in 10 to 60 seconds depending on the droplet size, the Fe 
content of the slag, and the sulfur content of the metal. The effect of FeO is 
shown in Fig. 11.6. 
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Figure 11.6 Rate of reaction of Fe-C drops with FeO in slag for low-sulfur 
metal (Min and Fruehan, 1992b). 


The overall reaction is given by Equation 11.17 and is proportional to the 
FeO content of the slag. 


(FeO) + € = CO + Fe (11.17) 

However, during the reaction there is a gas halo surrounding the drop and it is 

generally accepted that the reaction takes place by two intermediate gas 

reactions at the slag-gas and metal-gas interfaces, reactions 11.18 and 11.19, 
respectively: 

(FeO) + CO = CO; + Fe (11,18) 

CO; + C = 2CO (11.19) 


"There are several possible rate-controlling mechanisms, including mass 
transfer in the slag-metal or gas and chemical kinetics for reactions 11.18 or 
11.19. Based on the experimental results, mass transfer in the metal, and 
experimental measurements by Sun et al. (1988), the kinetics of reaction 11.18 
can be eliminated as possible rate-controlling steps. Also, since the gas halo is 
relatively thin, gas phase mass transfer between the slag and metal interface is 
relatively fast. 

Therefore, the two principal rate-controlling steps are mass transfer in the 
slag phase and kinetics of the CO, reaction on the metal droplet surface, The 
rate of the CO; reaction on liquid iron has been studied extensively and is well 
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understood, The rate of decarburization is controlled by the dissociation 
the CO; molecule (11.20) while the reaction of the adsorbed oxygen on thi 
surface (O;,)) with carbon (11.22) is fast (Fruehan and Antolin, 1987). 


C + CO; = 2CO (11.20) 
CO, = CO + Or, (11.21) 
C + Ogy= CO (11.22 


Sulfur is surface active and retards the rate of the reaction by blocking 
available surface sites. The rate of the gas-metal reaction (Rg-m) is given by 


Ry-m = As Ko 1 — 9) + ke} (pco. — fto.) 1123 


where kko, = rate constant on pure iron; k, = the rate constant at high si 
contents or the residual rate; Æ = the surface area of the metal dro 
(1 —@) = fraction of vacant sites not occupied by sulfur; pco, = CO; pres 


sure in the gas halo; fco, = the equilibrium pressure for reaction (11.1 ”, 


which is essentially zero 
Since the rate of the gas-slag reaction is relatively fast, it is close m 
equilibrium and the CO; pressure is given by 


Poo, = KüoyfCoareo ar 
where, Kao) is the equilibrium constant for (11.19); pco is the equilibrium 


pressure for (11.4), approximately 1 atm; apeo is the activity of FeO in th 
slag. 

For the slag composition range of interest the activity of FeO is propo: 
to its weight percent through a constant (C) and, hence, the rate is given by 


Ry-m As (Ko, (1 — ©) + ke) Kus CA FeO) uc 


The value of (ko, (1 — ©) + k) is the rate of the reaction for (11.4) on th 
Fe-C-S alloy of interest. Note that sulfur decreases the value of (1 — ©). 
As discussed in Chapter 4, the number of vacant sites is related to th 
activity of sulfur (a,) and K,, the adsorption coefficient for sulfur on iron: 


H 


(1-6)= TPR (11.21 
"Therefore, the rate of the gas-metal reaction is given by 
Rom = Anko S + njro (11.27) 


At high sulfur contents the rate of the slag-metal reaction is signi! 
slower than mass transfer and the rate of reduction is given by Equation 11. 
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Figure 11.7 Computed rate of reduction of FeO by carbon in iron droplets 


assuming CO; dissociation control compared to the 
Pei pared to observed rates (Min and 


Using independent measurements for the rate of the CO, reaction on iron, the 


calculated rate of reduction is in good agreement with th 
reduction as shown in Fig. 11.7. EE rot lous 


The rate of mass transfer of ‘FeO’ in the slag, J, is given by 


Asmp 
J= "109 (“FeO — %Fe0*) (11.28) 


where As = area of the slag around the metal droj i 
p (the area of the slag is 
greater than the area of the metal drop (Am) because of the gas halo); m — the 
mass tenes coefficient; p = density of the slag; %FeO = the FeO bulk slag 
he ae = the surface concentration of FeO at the gas-slag interface 

1s essentially zero. At very low sulfur conte ion i: 
cono RB ents the rate of reduction is 
For the most general case a mixed control model considering both mass 


v E the gas-metal reaction was developed and the rate of reduction is 


1 
s A o AEE E m (11.29) 
mspAy Ue 
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where Mreo = molecular weight of FeO; kco, = rate of the CO; reaction or 
iron (&&o,(1 — ©) + hy). Y 
As discussed previously, in bath smelting the sulfur content is relati 

high and the rate of reduction is controlled by the CO; reaction on iro 
Furthermore, the residual rate at high sulfur predominates. That is, at hij h 
coverage of sulfur, the rate no longer decreases with sulfur. For ir 
contents of 0.2% and higher, the overall rate of reduction is given approxi- 
mately by 


Ry = Ak, Kao C(96 FeO) ay 


The dissolved FeO-char reaction 
The char-slag reaction has also been studied extensively and observed usin 
x-ray fluoroscopy (Sarma et al., in press). As with the metal droplet reaction, 
gas film separated the char from the slag and it was postulated that the rate lso 
occurred by means of a gas-slag reaction (11.28) and as char-CO; reaction 


C(char) + CO; = 2CO a 


In this case, it appears the rate is primarily controlled by mass transfer ind 
slag phase, in which case the rate is given by (11.28). There is some indic: 1 
that the CO;-char reaction may also contribute slightly to the overall rate. In 
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Figure 11.8 Rate of reaction of graphite and coke spheres with bath smeltin 
slags as a function of FeO content (Sarma et al., 1996). 
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the case of the char-slag reaction it was found that the CO from the reaction 
stirred the slag and increased the rate of mass transfer, In a way, the reaction is 
self-catalytic in that the evolution of the reaction product gas, CO, increases 
mass transfer and, consequently, the rate of the reaction. The net result is that 
the rate increases more than linearly with FeO content, as shown in Fig. 11.8. 
This would also be the case for the slag-metal reaction but, since that rate is 
primarily controlled by kinetics of the gas-metal reaction, it is less obvious. 


Overall rate equation 
The overall rate of reduction (R) is the sum of the slag-metal and slag-char 
reactions: 


R=Rymt Ree (11.32) 


Neglecting the effect of the CO evolution stirring the slag and increasing mass 
transfer, both rates are proportional to the FeO content. By combining all of 
the constants in Equations 11.29 and 11.30 the overall rate is given by 


R= (Ashes + AvcKs-c) (YoFeO) (11.33) 


where Asm and A, are the areas of the metal droplets and char in the slag, 
respectively. 

From estimates of the areas of the droplets and the particles in the AISI 
pilot plant smelter, Sarma et al. estimated the overall rate of reaction using 
Equation 11.30 and the experimentally determined constants. As seen in Fig. 
11.9 the observed and computed rates of reduction are in good agreement. 


4 6 8 10 

(%FeO) 

Figure 11.9 Computed rate of reduction from laboratory studies and slag 
samples compared to those observed in the AISI Pilot Smelter (B. Sarma, AISI, 
Personal communication). 
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Oxygen 


In general the amount of char and metal in the slag phase is approximately. 
proportional to the slag weight (W;). Therefore, from a practical standpoint 
the rate can be given approximately by: 


R= (K+ K_)W,(%FeO) (11,34) 


where &, ,, and &; , are the overall rate constants including the relationship 
between the area of both phases in the slag and the slag weight. This is a crude | 
approximation since the amounts and sizes of the metal droplets and char 
particles can vary significantly and are not simply proportional to the slag 
weight. Nevertheless, this simple equation has been used to describe the rate 
of reduction. 


11.3. STEELMAKING 


There are two methods for producing steel: refining hot metal from the blast 
furnace or the iron smelter using oxygen steelmaking, and the melting and 
refining of scrap in an electric arc furnace. In oxygen steelmaking (OSM), 
hot metal and some scrap are charged along with fluxes, primarily lime (CaO) 
into a vertical converter or furnace. Typically scrap represents about 10-25% 
of the metallic charge and is melted with the energy released by the oxidation 
of carbon, silicon, and iron. Oxygen is injected into the metal by means of 
top lance or by bottom tuyeres which oxidize the carbon, silicon, 
manganese and some iron. These oxides, SiO;, MnO, and FeO, along 
the added CaO, form a slag which removes sulfur and phosphorus from 
metal. There are three basic types of OSM furnaces, as shown in Fig. 11.10: 
top, bottom, and mixed or combined oxygen blowing. The oxygen required is 
based on a simple mass balance and the fluxes on the slag chemistry required. 
For a typical 200 tonne heat, oxygen is blown at about 800 m* min ^ ' and the 
blowing cycle takes about 15 minutes while the entire cycle including charging 
and tapping is about 40 minutes. 

In the electric arc furnace (EAF), primarily scrap is charged into 
furnace. In some cases, some scrap substitutes, such as direct reduced iron 
(DRI) or pig iron, are also used to dilute residual elements such as copper 
which cannot be refined out of the steel. Charge carbon and fluxes are also 
charged. The scrap is melted using electrical energy and chemical energy 
supplied by the oxidation of carbon, iron, and natural gas. These energy 
sources supply about 75% and 25% of that required, respectively. The 


1) Impingement 
2) Emulsion 


(a) (b) 


Top Oxygen 


Bottom Gas (Tuyeres or Plugs) 


Fi 11.10 T) of Imaking furnaces: BOF or LD, 
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(b) Q-BOP or OBM, (c) combined or mixed blowing. (c) 
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electric energy is supplied by either a three-electrode three-phase alternating. 
current (AC) system or a single-electrode direct-current (DC) system. The 
cycle time takes about one hour to produce a typical heat of 100 to 200 tonnes. 
The refining reactions for the EAF are less extensive than for OSM but are 
relatively similar and will be discussed together. 

"The oxygen steelmaking process has been the subject of scores of books and 
thousands of investigations. It is beyond the scope of this chapter to deal with. 
the reactions or processes in any detail. The most extensive and important. 
reaction is decarburization and, to some extent, the other reactions depend on. 
it. Therefore, decarburization is discussed first. The refining reactions for 
most elements in OSM are well understood, nearly reach equilibrium at the 
end of the process, and are described in more detail elsewhere (Deo and Boom, 
1993; Turkdogan, 1984; Pehlke et al., 1977). One exception is nitrogen; it 
must be controlled to low levels and its reaction, until recently, had not been. 
fully examined in detail. The nitrogen reaction also demonstrates many of the 
basic principles of process metallurgy, including thermodynamics, chemical. 
kinetics, mass transfer, heat transfer, etc. and will be examined in more detail. 


11.3.1. Decarburization 

Reaction mechanism 

When oxygen is injected into an OSM furnace a tremendous quantity of gas is 
evolved, forming a gas-metal-slag emulsion which is three to four times 
greater in volume than the nonemulsified slag and metal. The chemical. 
reactions take place between the metal droplets, the slag, and gas in the 
emulsion. These reactions have been observed in the laboratory using x-ray 
techniques, showing in many cases that the gas phase of primarily CO 
separates the slag and metal, indicating that gaseous intermediates play a role 
in decarburization. 

When oxygen first contacts a liquid iron-carbon alloy it initially reacts with 
iron according to reaction (11.35) even though thermodynamically it favors 
reaction with carbon. This is simply because there is much more iron than 
carbon present. Carbon in the liquid metal then diffuses to the interface, 
reducing the FeO by reaction (11.36). The net reaction is the oxidation of 
carbon, reaction (11.37). 


(11.35) 
(11.36) 


(11.37) 


Fe + 10, = (FeO) 
(FeO) + € = CO + Fe 
1 
€*50;- CO 


However, carbon is only oxidized as fast as it can be transferred to the surface. 
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The reaction of carbon with FeO most likely takes place via the gaseous 
intermediate reactions: 


CO + (FeO) = CO; + Fe 
CO, + C = 2CO 


(11.38) 


(11.39) 


as discussed in detail for bath smelting. However, in the case of OSM the FeO 
content of the slag is higher and the sulfur and carbon content of the metal 
lower than in bath smelting. The lower sulfur contents result in reaction 
(11.39) being fast. Furthermore, the lower carbon contents as compared to 
iron smelting reduce the rate of mass transfer of carbon. Therefore, in OSM, 
reaction (11.36) is controlled by mass transfer of carbon. 


Rate equations 
At high carbon contents the rate of mass transfer is high such that most of the 
FeO formed is reduced and the rate of decarburization is controlled by the rate 
of oxygen supply: 


d%C No,Mc100 
i CER ET (f+) (11.40) 


where, No, = the flow rate of oxygen in moles; Mc = the atomic mass of 
carbon (12); W = the weight of steel; f = the fraction of the product gas which 
is CO; the remainder is CO. and f is close to unity (0.8 to 1.0). 

Below a critical carbon content the rate of mass transfer is insufficient to 
react es all the injected oxygen. In this case the rate of decarburization is 
given by 


d%C 
a = yC- ^C) mA; 
i 


(11.41) 


where p = density of steel; "6C, = the equilibrium carbon concentration for 
reaction (11.36) and is close to zero; m; — the mass transfer coefficient for the 
specific reaction site; A; = the metal-FeO surface area for the specific reaction 
site. 

t For top blown processes the reaction takes place between the metal droplets 
ejected into the emulsion and the FeO in the slag. For bottom blowing there is 
less of an emulsion and the reaction also takes place at the interface of the 
Res bath and the rising bubbles which have FeO associated with them. The 
critical carbon is when the rates given by (11.40) and (11.41) are equal and i: 
typically about 0.395 C. : dia gt 

The actual values of m; and A; are not known; consequenti; 
ctual " d ly, an overall 
decarburization. constant (kc) can be defined and the rate below the critical 
carbon content is given by (11.43) and (11.44). 
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kama (11.42) 
T = k96C] (11.43) 
or, 
Es = he n) cm 


where te is the time at which the critical carbon content C, is obtained. . 
The value of k, increases with the blowing rate since the amount of ejectec 
droplets and bubbles increases. Also, ką decreases with the amount of: steel, V, 
as indicated by (11.43). In actual processes, the blowing rate is proportional to 
the weight of steel and, therefore, k, has similar values in most OSM 
operations. For top blowing, ke is about 0.015s ^ ' and for bottom blo} 
0,017 s! (Fruehan, 1976; Abel et al., 1995). The values of the critical carbon. 
content are also similar, ranging from 0.2 to 0.495 C. The rate of decarburiza-. 
tion for a typical steelmaking process is shown in Fig. 11.11. In the initial 
stage when silicon is being oxidized, which will be discussed later, the rate of 
decarburization is low. The value of ką is higher for bottom blowing because. 
mixing is more intensive and the reaction occurs at the interface of the rising. 
bubbles as well as the slag-metal emulsion. 


2 4 6 8 
t, min 


| during 
Figure 11.11 Change in the chemical composition of steel 
(Pehlke et al., 1977). Reprinted with permission of the Iron & Steel Society. 
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FeO formation 
Below the critical carbon content the rate of mass transfer of carbon is 
insufficient to reduce all of the FeO formed and, therefore, the FeO content 
of the slag increases rapidly. In actual processes, initially, some FeO forms 
because it has a low activity in the slag, resulting in about 5-10% FeO in the 
slag. The FeO remains constant until the critical carbon content and then 
increases rapidly. The amount of FeO can be computed from a mass balance 
for oxygen. Specifically, the oxygen not used for carbon, silicon, or manganese 
oxidizes iron to FeO. The number of moles of FeO in the slag at any time 
(Nrco) is given by 
V d%C W(1-- i 
Nro = [2 No, -EE Mo |m 8, + NB) 

where N§ and NO!" are the numbers of moles of oxygen consumed in 
oxidizing Si and Mn. Since the rate of decarburization is slightly higher for 
bottom and mixed blowing, these processes have lower FeO contents. This 
results in higher iron yield and higher manganese retention as discussed later. 

The slag composition can then be computed as a function of time from the 
CaO and MgO additions and the amounts of silicon, manganese, and iron 
oxidized to the bath. Controlling the slag composition is essential for 
optimizing the refining reactions for phosphorus, manganese, and sulfur. 


Decarburization in the EAF 

Decarburization is much less extensive than in OSM because the scrap has 
low carbon contents compared to hot metal: 0.05-1.0% for typical scrap 
compared to 4.5-5% for the hot metal. However, decarburization in the EAF 
improves the process by supplying energy; the CO evolution improves heat 
and mass transfer and removes nitrogen. In a state-of-the-art EAF, carbon is 
added to the charge so that the 'melt-in' or initial carbon is about 0.5 to 
1.0 wt% above the final or aim carbon content. The carbon is then removed by 
injecting oxygen. The reaction mechanisms are similar to those in OSM; 
however, since there is not an extensive emulsion and the oxygen is not deeply 
injected into the bath, the overall decarburization constant is lower, about 
0.01 to 0.0125^! (Fruehan, 1976). Consequently, the critical carbon content, 
when mass controls the rate, is higher and for a given carbon content in the 
metal there is more FeO in the slag. 


(11.45) 


11.3.2. Slag-Metal Reactions in Steelmaking 


In addition to carbon, sulfur, phosphorus, manganese, and silicon are also 
refined from the metal in steelmaking. These reactions are between the 
element in the metal and its ion in the slag phase. In many cases these 
reactions approach equilibrium and can be predicted from thermodynamics, 
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Extensive reviews of the slag-metal reactions can be found elsewhere (Deo 
and Boom, 1993; Turkdogan, 1984; Pehlke et al., 1977). Attempts have 
made to model the kinetics of these reactions involving simultaneous 
transfer of the relevant reactions (Deo, 1988; Lange, 1986). However, in- 
general, a simple thermodynamic equilibrium analysis gives reasonable pre- 


dictions of the behavior of these elements. 
i 


Silicon i 
Silicon is oxidized out of hot metal early in the process. The oxidation 
reaction (11.46), supplies heat and the SiO; reacts with the CaO to form the 
slag. 

Si - 10; = (SiO2) (11.46) 


The thermodynamics of the reaction indicate that virtually all of the silicon is. 
oxidized. The rate is controlled by liquid phase mass transfer. The mass 
transfer can be simplified to mass transfer in the metal and is given by 


Si : 
PAS. MS — *SSi.] (11.47). 


dt 
where ms; = mass transfer coefficient for silicon; %Si, = the silicon content in 
the metal in equilibrium with the slag and is close to zero. 

As with decarburization, an overall parameter for silicon can be defined 
(ksi) similarly to ke. Within our ability to estimate ks; it is about equal to ke 
since A, W, and p are the same and mass transfer coefficients vary only as the 
diffusivity to the one-half power. Therefore (11.47) simplifies to I 

%Si 
"D Fest 
°% Si? is the initial silicon and ks; is the overall constant for silicon and is | 
"The rate for silicon oxidation is shown in Fig. 


(1148) 


where 
approximately equal to ke- 
11.11. 
Manganese i 
Manganese is oxidized from the steel by various mechanisms including direct 
oxidation, enhanced vaporization-deoxidation, and FeO in the slag. In the 
process, equilibrium for the following reaction is obtained: 
Mn + (FeO) = (MnO) + Fe 
The activities of MnO and FeO in the slag depend on basicity of the slag 
defined as the ratio (%CaO)/(%SiOz). Therefore, the value of kmn depends 
on slag chemistry and is not a true equilibrium constant: 
_ _ (%Mn0) 
kva = [pMn] GGFeO) 


(11.49) 


(11.50) 
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LMn = (% MnO)/[% Mn] 


? 10 bá 
(% FeO) 


Pra i PPM equilibrium between slag and metal or a function of 
ag chemistry in OSM (Min and Fruehan, 19923). Reprinted with 
mission of the Iron & Steel Society. fa 


pt manganese distribution ratio between slag and metal has been reeval- 
E ag page iia oe me is given in Fig. 11.12 (Min and 
ruchan, > 3 ion oí content. As indicated, mangan 
rd E De is favored by high basicities. Also, since i bottom E 
"ip lowing processes, for a given carbon level, the FeO content of the 
sl af 4 Akn more manganese is retained in the metal, 
in top blown processes manganese is oxidized di 
y irectly by the injected 
WES Sai in the process, and the manganese content is less tae rai 
E. .50). ui the process continues, equilibrium is approached and manga- 
Er pig a to the metal. Toward the end of the blowing period when the 
hes ms of the slag increases, the manganese decreases rapidly. For 
hes aps the manganese follows slag-metal equilibrium and generally 
ved late in the process when the FeO content of the slag increases. 


Sulfur 
About 10-20% of the sulfur reacts directly with the oxygen to form SO;: 


$+0,2=SO, (11.51) 
The remainder reaches a slag-metal equilibrium which can be described by 


ee reece yet (Gas) (11.52) 
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Therefore, the sulfur distribution ratio increases with basicity and bea 
with FeO. The value of (ks) is shown in Fig. 11.12 as a function o: 
basicity. 
peg CESXRFeO) (11.53). 
SS] 
For steelmaking, various correlations have been given for Ls; for example 
(Turkdogan, 1984), 


Ls = 1.42B — 0113(%FeO) + 0.89 al 
where B is the slag basicity. 


Phosphorus 7 ~ 
dic is oxidized to the slag and, in general, is favored by low 
temperatures, high basicity, and high FeO in the slag. The chemical reaction 
describing dephosphorization may be written as 

P + 2.5(FeO) = (PO; 5) + 2.5Fe a E 


4 ; Y 

ignifii e of PO; is that, at the low phosphorus levels as in steel, the 
bu ANSAM ener is (%P)/[%P] or (%P20s)/[%P] not (%P)[ 
this is a significant difference at low phosphorus levels. Other 
stribution ratio does not increase with increasing: 
effect reducing the CaO- 


the phosphorus distribution à d 
OSM. Furthermore, there is less slag in the EAF, making 


removal much less than in OSM. 

Oxygen à 

In cna a relationship exists between carbon and oxygen: 
co=C+9O0 (11.56) 


For one atmosphere of CO it follows that: 
[%C][%0] = Kss (11.57) 


i ilibri: .56). For equilibrium and most 
here Kss is the equilibrium constant for (11.5t i 
OSM EES Kss is 0.002 and 0.002-0.0025, respectively. Mis 
processes there is less stirring and the product is farther from eq! rium 
and the carbon-oxygen product is about 0.0025—-0.0035. 
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0 10 20 30 
‘FeO’, w% 
Figure 11.13 Phosphorus equilibrium as a function of slag chemistry in OSM 
(Turkdogan, 1984). 


11.3.3. The Nitrogen Reaction 

As demonstrated, the decarburization reaction is reasonably well understood, 
as well as the slag-metal refining reactions which approach equilibrium. The 
removal of nitrogen is much more complex and depends on numerous 
operating variables. With the advent of the production of high-purity inter- 
stitial-free (IF) steels, the control of nitrogen has become of great importance. 
For years there have been ‘rules of thumb’ for achieving low nitrogen. For 
example, use of more hot metal and less scrap in the charge and combined 
blowing, switching the stirring gas from nitrogen to argon, results in lower 
nitrogen contents. However, there has not been a comprehensive model which 
indicates how the major variables affect nitrogen and how the process can be 
optimized to achieve an acceptable nitrogen content at a reasonable cost. 
Recently, Goldstein and Fruehan (in press) developed such a model, which is 
summarized below. 


1.3.3.1 


The sources of nitrogen in OSM include the hot metal, scrap, impurity 
nitrogen in the oxygen, and nitrogen in the stirring gas. Nitrogen from the 
atmosphere is not a major factor unless at first turndown a correction or 
reblow is required, in which case the furnace fills up with air which is 


Reaction mechanisms 
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entrained into the metal when the oxygen blow restarts, resulting in a 
significant nitrogen pick-up of 5-10 ppm. During the actual blowing the rate 
of generation of CO and CO; excludes air from the vessel. 

Nitrogen is removed by diffusion to the CO bubbles in the emulsion or in. 
bath to the bubbles for bottom blowing. The rate of combination of nitrogen. 
atoms to form N; is controlled by chemical kinetics and the nitrogen gas is 
removed with the CO bubbles. Both mass transfer (11.58) and the chemical 
reaction (11.59) contribute to the overall rate of removal. 


N(metal) = N(surface) (11.58) 
2N(surface) = N2 (11.59) 


As discussed in Chapter 4, the rate of (11.59) is controlled by the rate of 
formation of the Nz molecule, which is influenced by surface-active elements. 
such as oxygen and sulfur which retard the rate. 

Nitrogen from the scrap is released into the metal as it melts. Nitrogen as an 
impurity in the oxygen or in the stirring gas increases the pressure of N; and 
reduces the rate of (11.59). It is obvious that the amount of CO generated is 
critical since it provides the reaction surface area and reduces the nitrogen 
pressure. Therefore, nitrogen removal depends on decarburization. Also, 
since oxygen and sulfur are surface active, their concentrations on the surface 
affect the rate of (11.59). Consequently, all these factors much be considered 
in calculating the net rate of nitrogen removal. 


11.3.3.2. Rate equations 
There are numerous factors influencing the rate of nitrogen removal. The 
basic equations are given in this section; a complete description can be d 
elsewhere (Goldstein and Fruehan, in press). The flux of nitrogen diffusing to 
the surface of the bubble (Jy) is given by a 
(11.60) 

$ 


cimo 3 

Jy = 100 N %N*) 

where m = mass transfer coefficient; p = density of the iron; %N = nitrogen 

in the bulk metal; %N* = nitrogen at the surface of the metal. : 
"The rate of the chemical reaction at the surface (R) is given by 


R= [os -»x] are) 


where ky, = chemical rate constant; px, = pressure of nitrogen in the gas; 
Pw; = nitrogen pressure in equilibrium with the nitrogen at surface 


Ps; = [ANP Kso 


and Kez = equilibrium constant for reaction (11.59). 


(11.62) 
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The rate constant depends on the and sulfui 
mW oxygen sulfur contents at the surface 


mcenia: 
1+ Ksas + Koao 


where kp = the rate in pure iron; Ks, Ko = absorption coefficients of oxygen 
and sulfur; as, ao = activities of sulfur and oxygen; k, = residual rate at high 
es or oxygen contents. 

wing ky, estimating m from known correlations, and setting the flux 
(11.60) equal to the chemical rate (11.61), it is possible to solve for the 
nitrogen at the surface. This is possible since no accumulation of nitrogen at 
the surface is possible. Knowing [?6N*], the rate of removal can then be 
I from (11.60) or (11.61). For example, the rate of nitrogen removal 

ven 


kna +h, (11.63) 


[2 Amp 
(11.64) 


a | NN] 


where [d[%N]/dt], = the rate of nitrogen removal; A = 
the metal droplets; W = the weight of steel, which b a gum il 

There are, however, several complications. For example, all of the rate 
parameters such as kp, etc. and the equilibrium constant are functions of 
temperature. The sulfur content of the metal changes with time and the 
oxygen content at the surface is considerably different from the bulk 
concentration. Consequently the temperature and surface contents of oxygen 
po must be known as functions of time. 

ie oxygen activity can be very high at the gas-metal int i 

drastically reduce the rate of nitrogen removal. The oxygen eas REM 
computed from the carbon at the surface in equilibrium with CO: 


C + O* = CO 


where C*, O* = the carbon and it the surfs 
Tt follows that AUTT PE Mi 


(11.65) 


" = co 
[*60] = Kus (11.66) 
where %O* = activity or concentration of o: th à = i 
librium constant for reaction (11.66). PIAA cus 

The carbon concentration at the surface is com] i 
puted by equating the flux of 
carbon to that consumed by oxygen, as discussed for decarburization reaction: 


mAp % 5 ^ 
Too [4C — *&C*] = No, M. (100) f + 1) 


(11.67) 
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Equation (11.67) is used to compute %C* above the critical carbon level. 
Below the critical carbon level there is virtually no carbon at the surface but 
rather FeO and, hence, the activity of oxygen is computed from the 
equilibrium for the reaction: 

Fe +O = FeO (11.68) 

The carbon concentration at the surface also affects the activity of sulfur (hs): 

hs = fs [%S] (11.69) 

log fs = e&{%C] (11.70) 

where fs = activity coefficient of sulfur; g= interaction coefficient for carbon 
on sulfur. 

The nitrogen pressure in the slag-metal emulsion is a function of the 
oxygen purity, if Nz is used as a stirring gas, the rate of nitrogen removal, and 
the rate of CO and CO; generation. In general nitrogen pressure (ps) is given 
by 11.71 and is a function of time. 


NŠ, + NS NS, (11.71) 


PN. esc ee LL ee 
17 Neocon + NR, + NS + NR, 


where N&,, Ng?, N§, = the molar rate of nitrogen removed, in the oxygen, 
and in the stirring gas; Ncoico,) = the molar rate of CO and CO; generation, 
which is computed from the rate of decarburization; pr = total pressure 
latm). 

; Dade the initial stage of the blow no CO is generated since the oxygen is 
consumed in oxidizing silicon. The rate of oxidation of silicon is controlled 
initially by the oxygen flow rate but at lower concentrations by mass transfer. 
During this initial stage of silicon oxidation, no nitrogen is removed. For the 
latter stage of silicon oxidation, some CO is generated and nitrogen is 
removed. 

Finally, during the OSM process nitrogen is introduced into the metal from 
the melting scrap. The rate of melting depends on heat and mass transfer and 
has been modeled by Gaye et al. (1980). The rate of nitrogen pick-up from the 


scrap is given by 


d% F [Ns] =] (11.72) 
dt js Ww dt 
Also, the weight of the metal (W) used in all the rate equations is computed 
from the hot metal weight and the rate of scrap melting and the rate of carbon 
and silicon removed. 


W = Way dee WE + WE (11.73) 
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Change in Melt Chemistry during the Blow 
of a 200 Tonne BOF 


LL 1 1 (Y ear 


Carbon and Silicon content (%) 


Time (min) 


Figure 11.14 Computed carbon and silicon contents of steel in OSM (Gold- 
stein and Fruehan, in press). 


In Fig. 11.14 the computed carbon and silicon contents and in Fig. 11.15 
the nitrogen contents are shown for two hypothetical cases for a 200 tonne 
OSM converter blowing oxygen at 800 N m? min ^, In one case the charge 
contains 80% heavy scrap, 16 cm thick and containing 50 ppm nitrogen; in the 
second case there is no scrap but cooling is achieved by the use of a 15% 
addition of DRI containing 20 ppm N. The heavy scrap melts late in the 
process, releasing its nitrogen after most of the CO is generated, causing the 
nitrogen content to increase to 30 ppm at the end of the blow. With no scrap, 
the final nitrogen is significantly lower at 20 ppm. The model also indicates if 
ore which has no nitrogen is used for cooling, about 10 ppm nitrogen can be 
obtained. In comparing the bulk and surface nitrogen contents it is found that 
the surface concentration is only slightly less than the bulk, indicating the 
nitrogen reaction is primarily controlled by chemical kinetics. In particular, 
toward the end of the blow the oxygen content at the surface is high, retarding 
the rate. This model is useful for optimizing the process for nitrogen control. 
For example, the effect of oxygen purity, the time of switching the stirring gas 
from N; to argon; the metal sulfur content, and the amount and size of scrap 
can be determined. The effect of switching the stirring gas from N3 to argon is 
shown in Fig. 11.16. 
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Figure 11.15 Computed nitrogen content in OSM, for 80% heavy scrap-20% 
light scrap and DRI (200 tonnes, O; 800 N m ^? min ') (Goldstein and Fruehan, 
in press). 
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Figure 11.16 The effect of bottom stirring practice on nitrogen removal in 
the BOF: Nz entire blow, argon entire blow, and switch at 50% from Nz to 


argon. 
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Solidification rate in casting processes 


Klaus Schwerdtfeger 
Institut für Allgemeine Metallurgie, Technical University Clausthal, 
Clausthal-Zellerfeld, Germany 


12.1. INTRODUCTION 


Most metallic materials are first produced as melts that are subsequently 
converted to the solid state in a solidification process. Depending on the final 
application of the material, there are numerous casting and solidification 
Processes, the main groups being continuous casting for long and flat products 
and the foundry processes for mold castings. The physical and chemical 
phenomena occurring during solidification exert a strong impact on the 
properties of the final material, and on its production cost. The basic 
phenomenon is the transport of heat, which controls the solidification and 
cooling rate. These rates influence the primary morphological structure 
(dendrites, grains) and the formation of defects as segregation, internal voids, 
and cracks, and they determine the technological specifics of the casting 
Process, ¢.g., the metallurgical length of a continuous casting machine. 

This chapter focuses on the solidification and cooling rate of metallic 
materials. Some fundamentals will be presented in sections 12.2 and 12.3, 
and the rest of the chapter will be devoted to the continuous casting process. 
The treatment of solidification and cooling rates is a semitheoretical art. The 
transport of heat within the solidifying body is described precisely by the 
differential equation for heat flow. But for making predictions with numerical 
models many data must be known which can be obtained only by measure- 
ments: conditions for heat withdrawal at the surface of the body and material 
properties. Also, the fluid flow in the remaining melt may influence the 
solidification rate. However, this chapter is confined to the relatively simple 
problems in which flow velocities need not be computed explicitly. 
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The heat flow equation used is that for conduction in only one dimension 
and for constant density: 


aH a 8 ð (, aT 

[ze geet + Zc] =2 (12) azy 
The symbols are explained at the end of the chapter. The second and third 
terms in the bracket on the LHS of (12.1) account for the movement of the 
material with respect to the coordinate system. They cancel in the computa- 
tion of ingot solidification. The third term on the LHS is used in the treatment 
of conventional continuous casting (section 12.4), both the second and third. 
terms in the treatment of special processes like continuous casting with in-line 
thickness reduction (section 12.5). Equation 12.1 must be solved numerically, 
using the computer, for the specific casting process. However, general 
solutions are available for certain idealized conditions which are quite useful 
because they show the principal dependencies and may serve, in many cases, 
for making good first estimates. 


122. SOLIDIFICATION RATE OF 
ONE-COMPONENT MATERIALS 


Most metallic materials used as practical objects are alloys. However, the 
solidification rate of many materials with low alloying content, e.g., soft steels, 
can be predicted satisfactorily with the comparatively simple procedure 
applicable for one-component materials, and, of course, as a basis for the 
treatment of alloys, the solidification of pure materials has to be considered 
first. 

One-component materials (pure metals, congruently melting compounds) 
solidify with a planar solid-liquid interface. Figure 12.1 shows the solidifica- 
tion front in one half of a solidifying ingot of plate geometry (slab) and the 
temperature profile in the shell at a particular time. The shell thickness, 
denoted as xs, and the temperature profile are to be obtained as a function of 


time by solution of 
3H ðf, 
S aT ) 12.2 
Pu 73 Q (12.2) 


If the material properties (cp, p, 2), the heat transfer coefficient h and the 
reference temperature Tw are taken to be constant, and if the superheat is 
zero, a rather simple representation of the rate law xs(r) is possible. With 
ôH = c, 9T and using x = A/(pe,), the Equation 12.2 becomes 
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o distance from chill x Lm 


Figure 12.1 Schematic temperature profile in a plate solidifying with planar 
interface, and extension of solid and liquid regions. 


oT PT 
LE] 025) 


The solution is carried out with the initial condition T — T, (no superheat) 
and with the boundary conditions at the chill 


oT 
x=0 age = MT Te) (12.4) 
and at the solid-liquid interface 
oe T= (12.5) 
aT dx, 
x=% Aw =P AH TE (12.6) 


The following nondimensional quantities are applied in the numerical 
computations and in the representation of the results: 


Dimensionless x-coordinate s= $ (12.7) 
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Dimensionless time p= B (12.8) 
Dimensionless temperature (12.9) 


Dimensionless shell thickness 


(12.10) 


Dimensionless surface temperature Up = ze = (12.11) 
à (AH: 
Phase conversion number Ph = SOT (12.12) 
à . hb 
Biot number Bi- T (12.13) 


It can easily be shown that S and Up depend solely on p, Ph and Bi. 

Figure 12.2 shows two examples of the functions for shell growth S(p) and 
for surface temperature Uo(p) (Sha and Schwerdtfeger, 1996). The character- 
istics of the rate law, S(p), and the value of time, p,, to the end of solidification, 
depend strongly on the Biot number (heat transfer coefficient). At low Biot 
number S(p) becomes close to linear and pe is large, whereas at high Biot 
number S(p) approaches the ‘square root law’ S~ ,/p. Figure 12.3 gives the 
correlations between p, S, Bi, and Ph, and Fig. 12.4 those between Uo, S, Bi, 
and Ph. These two charts can be utilized to draw the xs(1) and T(r) relation- 
ships for a broad range of values for A, AHs cp; Ks h, b, Ts and Tw. For 
instance, for continuous casting of iron Ph is about 0.22 and Bi is in the range 
1 to 10 (spray cooling). 

The curves in Fig. 12.3 and the relationship U(s) for the temperature profile 
approach analytical solutions in certain ranges of SBi and Ph. At low Biot 
number and high phase conversion number the solution of (12.3) approx- 
imates that obtained by setting the LHS equal to zero (so-called steady-state 
approximation). This means that #T/ax* is zero, yielding a linear temperature 
profile in the shell. The expressions obtained for S and U are 
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Figure 12.2 Shell growth during solidification of a one-component material as 
a function of time, showing (a) close to linear behavior at low Biot number, and 
(b) close to square-root law behavior at high Biot number (Sha and Schwerdt- 
feger, 1996). 


and 
_ 1+sBi 
~ 14+SBi 


From Equation 12.15, for the surface temperature, Up = 1/(1 + SBi). If 
SBi « 2, 


(12.15) 


(12.142) a 
S-» (12.16) 
s and 
£-P(*m (12.146) ; U=Uy=1 a217) 
S Sys The expression 12.16 represents the strictly linear rate law S(p) valid in the 
€—— à m: a 
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Figure 12.3 Dimensionless representation of rate of shell growth of a one- 
component material (Sha and Schwerdtfeger, 1996). 
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Figure 12.4 Dimensionless representation of surface temperature 
solidi éd of a one-component material (Sha and Schwerdtfeger, 1996). 
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limiting case for which the resistance to heat flow is zero in the solid shell and 
the solidification rate is controlled solely by the heat transfer at the chill. 

In the limit SBi — co, the solution of Equations 12.3-12.6 becomes equal to 
Neumann's analytical solution (Carslaw and Jaeger, 1959). The surface 
temperature To is constant and equal to Ty (or Up is zero) and the square 
root law is strictly fulfilled. The square root law is usually expressed in the 
form 


x, = 2nJet (12.18) 


which is equivalent to S = 2n,/p. The nondimensional expression for the 
temperature profile is 


elaz) (12.19) 
«(z) 


The rate constant y is related to the phase conversion number (setting 
Tw = To) by 


Vane ext n= 2 (12.20) 
The limiting laws are indicated in Fig. 12.3 by dashed lines. 


12.3. SOLIDIFICATION RATE OF ALLOYS 


Alloys usually have a freezing range, that is, the solidification starts at the 
liquidus temperature T; and ends at the (effective) solidus temperature T's. In 
most industrial casting processes the superheat above liquidus is small and, 
owing to the constitutional undercooling, the planar solid-liquid interface 
becomes unstable. A heterogeneous zone (mushy zone) consisting of solid and 
liquid phases is present between the solid shell and the liquid interior (Fig. 
12.5). Within the mushy zone the fraction solid fs increases from the liquidus 
front where it is zero to the solidus front where it is unity. The content c; of 
the solute element in the residual liquid is that of the liquidus line (in a binary 
System) and increases toward the solidus front corresponding to the decrease 
of temperature. In a well-developed mushy zone the solid phase grows in the 
form of dendrites. 

The heat flow equation to be used is again Equation 12.2. For the mushy 
zone, H is composed of the enthalpies H; and Hs of the liquid and solid 
phases according to 


H = fiH, + fsHs (12.21) 
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Figure 12.5 Schematic representation of the formation of a heterogei 
(mushy) zone consisting of liquid and solid phases during solidification of a bi 
alloy forming solid solution in the solid state. 


Hence, with fı, + fs = 1 or af. = — fs, ƏH [ðt becomes 
aH as 2Hs 
Se Lese X 


The difference Hi, — Hs is the heat of fusion AH; and Ji (HS 8t) + fs 
ðt) can be replaced by ( fi cpi. + fscps) 9T]àt = c, ƏT ðt. Consequently, 
equation for heat conduction in the mushy zone can be written as 


TETE 


raat (H) a (T) 
Pe Tu Nar) | a  OxX ae 
The LHS of Equation 12.23a may be interpreted in such a manner that the 


first term takes account of the capacitive property of the solid-liquid i 
whereas the second term considers the latent heat of fusion released owing to 


+4 + 6 (12.22) 


or 


(12.23b) 
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the liquid-solid phase change. The quantity afs/dt, which is the local rate of 
increase of the fraction solid, is influenced by microsegregation and macro- 
segregation and its exact computation involves, in general, the additional 
treatment of these phenomena. However, for equilibrium solidification, that 
is, in the absence of micro- and macrosegregation, fs is determined solely by 
the phase diagram and its computation is quite simple. Binary iron-carbon 
alloys which are the basis of the mass steel grades exhibit little microsegrega- 
tion owing to the high diffusivity in the solid iron. Their solidification 
behavior will be discussed in the following. 

Solidification of iron-carbon alloys 

In equilibrium solidification the fraction solid is obtained from the mass 
balance: 


afi + eshs = co (12.24) 
which yields, using f1, = 1 — fs and the partition coefficient k = cs/cr, 
_ 3 — cok 
IUS (12.25) 


The solidus line of austenite cs( 7) in the Fe-C diagram is described (Chuang 
and Schwerdtfeger, 1973a) by 


15263- T 
au Eg (12.26) 
and the partition coefficient by (T in *C) 
k = 0.3758 + 0.5627 x 107 ^T — 0.3981 x 10-57? (12.27) 


Hence, fs depends only on T and dfs/dT can readily be evaluated. 

Figure 12.6 shows the cooling curves at seven distances from the surface in a 
slab with 0.60% carbon solidifying in a cast iron mold (Chuang and 
Schwerdtfeger, 1973a). The thickness of the solid shell xs = x (fs = 1) is 
obtained, as a function of time, by plotting the position of the thermocouples 
against the times on the respective cooling curves at which the temperature 
has dropped to the solidus temperature Ts. Correspondingly, the advance- 
ment of fronts with constant fraction solid is determined by relating the 
positions to the times for the temperature pertaining to the specified fraction 
solid. Figure 12.7 represents the curves for the progression of the solidus front 
Xs = x(fs = 1) and of iso-fs-fronts for fs = 0.1 and 0.5, as deduced from the 
cooling curves of Fig. 12.6 in the manner described. 

Figure 12.8 gives the theoretical results as obtained by solution of Equation 
12.23 using the measured surface temperature T,(r) (Fig. 12.6) as the 
boundary condition at x — 0. There is close agreement with the measured 
data. In Fig. 12.8 the square of the coordinate for specified fs is plotted against 
time because such a diagram demonstrates that x( fs = const)" increases close 
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Figure 12.6 Example of mushy zone formation. Experimental cooling curves | 


of an iron-carbon alloy with 0.60% carbon (Chuang and Schwerdtfeger, 1973a). 
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Figure 12.7 Progression of solidus front and iso-f,-fronts with time, as derived 
from the experimental cooling curves in Fig. 12.6 (Chuang and Schwerdtfeger, 
19733). 
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Figure 12.8 Theoretical results for progression of solidus front and iso-f,- 
fronts, and comparison with the experimental data. Slab with 0.60% carbon 
(Chuang and Schwerdtfeger, 19732). 


to linearly with time over most of the total solidification time. That is, under 
the conditions for ingot casting, the growth of the shell (contour for fs — 1) 
and the progression of all the contours for fs — const take place close to the 
square root dependence over most of the time. But at the end the growth 
accelerates (Chuang and Schwerdtfeger, 1973a). The border of the mushy 
zone toward the interior of the slab can be defined as the fs contour with a 
certain small fs value, e.g., fs = 0.025. Hence, in Fig. 12.8 the extension of the 
mushy zone can be deduced from the curves for fs — 0.025 and fs — 1. This 
distance increases with time until the contour for fs — 0.025 reaches the center 
of the slab. It then decreases again, of course. The extension of the mushy 
zone increases with solute content due to the increase of the freezing range. 
Figure 12.9 shows the extension of the mushy zone related to the shell 
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Figure 12.9 Extension of mushy zone during solidification of iron-carbon 
alloys as a function of carbon content, Slabs with half-thickness of 8.6 cm solidify- 
ing in a cast iron mold. The data refer to the time at which the contour with 
f, 70.025 reaches the center plane (Chuang and Schwerdtfeger, 1973b). 


thickness for iron-carbon alloys, as a function of carbon content (Chuang and. 
Schwerdtfeger, 1973b). At 1.8% carbon the mushy zone is larger by a factor of 


about 1.7 than the solid shell. 1 


124. SOLIDIFICATION RATE IN CONTINUOUS 
CASTING OF STEEL i 


Figure 12.10 shows the scheme of a continuous casting machine for steel slabs. 
The liquid metal is fed from the ladle via a dispenser called a tundish into a 


water-cooled copper mold. Here, a shell solidifies which attains a thickness of - 


about 1 cm at the end of the mold. The strand is withdrawn continuously from 
the mold, but its interior is liquid or mushy for many meters downward, 
depending on the casting rate and the strand thickness. Below the mold, in the 
so-called secondary cooling zone, the cooling is performed by water sprays 
and in the lower part of the machine, beyond the spray zone, by radiation. At 
the end of the caster there is the straightening segment and withdrawal 
machine. 
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Figure 12.10 Schematic of a continuous casting machine for steel slabs indicat- 
ing the different zones of heat transfer. 


The heat flow equation used for computing the shell thickness and 


temperature field is 
aH a ðf, a 
(Gee Fe) m c) ipit 


where v, — v, (constant in z-direction) is the rate of strand movement. The 
origin of the z-coordinate is at the meniscus. Hence, in the steady state which 
is the normal casting operation Equation 12.28 reduces to 


oH ð a 
we Topl z) (12.29) 


There are two principal methods for determining the boundary conditions 
at the surface, x = 0, of the strand. The main way is to measure cooling water 
temperatures, mold wall temperatures, strand temperatures, and shell profiles 
in the actual operation, and then deduce from these data heat flux densities 
and/or heat transfer coefficients. The other way is to investigate the unit heat 
transfer operations in the laboratory, viz. heat transfer through layers of 
casting flux, or heat transfer under spray nozzles. The two methods can be 
combined. In the following sections the various heat withdrawal phenomena 
at the strand surface will be discussed. 
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12.4.1. Heat Withdrawal in the Mold 


Continuous casting molds are made of copper alloys and are cooled with — 


water. The active cooling length of molds for continuous casting of steel is 
usually 600 mm. To decrease the friction between mold and strand a lubrica- 
tion medium is added to the mold: this is casting flux, made of mineral 
materials in slab and bloom casting or oil in small-section billet casting. The 
lubricant forms a layer between strand and mold wall. Farther down, the solid 
shell may shrink away from the mold because of thermal contraction. A gap is 
formed which is filled with gas. Obviously, the mechanism of heat transfer 
from the surface of the strand to the cooling water is complex, involving 
resistances in the layer of flux, in a gap filled with gas, in the copper wall, and 
in the water. 


12.4.1.1. 


Figure 12.11 shows schematically the flux layer in the upper region of the 
mold where a macroscopic gas gap does not exist yet, and the temperature 
profile between the steel shell and the mold wall. The flux, which has a 
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Figure 12.11 Schematic representation of casting flux layer between surface 
of strand and wall of the mold, and temperature profile. Upper region of mold. 
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liquidus temperature around 1150°C, is liquid in contact with the hot strand 
and solid at the mold. There may be a heterogeneous zone between the liquid 
and the solid parts consisting of a crystal-melt mixture. Depending on the 
composition of the flux, its cold surface adhering to the wall of the mold may 
not be smooth, and the contact to the mold is incomplete. The wrinkles are 
filled with gas. So, also in the upper part of the mold where no macroscopic 
gap exists, there can be an effective ‘microscopic’ gap causing an interface 
resistance at the mold wall. The transport of heat through the layer is both by 
conduction and by radiation. The latter is complicated, particularly because 
the solid region of the layer may be partially in the glassy state and partially 
crystalline. 

A theoretical modeling of the radiative and conductive heat transfer 
through a layer consisting of sublayers of different phases is rather difficult, 
although this has been attempted in recent literature (Jenkins, 1995). For 
engineering application it suffices to have the experimental data for the overall 
heat flux, which can be obtained in the laboratory with apparatus designed for 
this purpose. For instance, the strand can be simulated by a steel plate which 
is heated by an electric current (Ohmiya et al., 1983; Holzhauser et al., 1990). 
The plate has a trough in which the casting flux is fused. A copper block, 
cooled internally with water, serves as the mold. The setup is instrumented 
with thermocouples for determination of the heat flux (via temperature 
gradient in the copper) and of the mold and strand side temperatures Tm and 
To, respectively. Figure 12.12 shows heat flux densities obtained in such a 
manner with two different casting powders. The heat flux densities depend on 
layer thickness dep. Figure 12.13 gives apparent layer conductivities Aapp 
deduced on the basis of the equation 

a= 1t Ta) (12.30) 
which may serve to estimate the heat fluxes at smaller layer thickness. Japp 
increases with ‘strand’ temperature T, indicating the effect of radiation. 
There is also a marked influence of composition (compare Figs 12.13a and b) 
which is caused by the different absorption coefficients of the oxides, and by 
the effects of the different oxides on making the layer partically crystalline and 
on producing a nonsmooth interface at the mold side. The total heat transfer 
resistance between the strand surface and the cooling water in the mold is 
given as 

1 1 d. di 

Piel delen ve 
where hw is the heat transfer coefficient on the water side of the mold, and dm 
and /,, are thickness and thermal conductivity, respectively, of the mold plate. 
Under the normal conditions in continuous casting, the largest part on the 


(12.31) 
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Figure 12.12 Laboratory data on heat transfer through layers of casting fluxes 
(Ohmiya et al., 1983). (a) Flux | (32% SiO;, 23% Ca, 7.5% Al;O;, 4.5% NaO, 1.5% 
Fe2O3, 4.5% F, 0.6% MgO, 0.2% TiO», 0.3% MnO, 1.0% KO, 9% C... in the 
powder state, C was removed by preheating in air). (b) Flux 2, same as flux |, 
but with 3.5% FeO added. 


RHS of Equation 12.31 is the third term; that is, the heat transfer rate is 
controlled primarily by the properties of the casting flux. 


12.4.1.2. Heat flow through a gas gap 


When the temperature along the strand surface drops below the solidus 
temperature of the casting flux, the flux layer becomes completely solid. 
Owing to the shearing forces caused by the relative motion between strand 
and mold and to shrinkage of the flux, the coherence of the layer may be 
destroyed and there will be, at least locally, heat exchange between the strand 
surface and the mold wall directly over a gas gap. Also, if in the lower part of 
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Figure 12.13 Apparent layer thermal conductivities as a function of strand 
temperature (Ohmiya et al., 1983): (a) flux |; (b) flux 2. 


the mold the conicity of the mold does not balance the shrinkage of the strand 
shell or if the ferrostatic pressure does not suffice to press the strand shell 
against the mold, a macroscopic gap will develop. The gas in the gap is formed 
mainly from air (penetrating into the gap from the lower end of the mold) and 
consists primarily of nitrogen since most of the oxygen has been removed from 
the air by reaction with the strand surface. It may contain also some water 
vapor from the water sprays below the mold and, in the upper part of the 
mold, hydrogen generated by reduction of water by the steel surface, and 
possibly some carbon dioxide and monoxide originating from various reac- 
tions between the gas, the steel, and the flux. 

The heat transfer over a gas gap contained between two parallel metal plates 
has been investigated with the same setup as described in section 12.4.1.1 
(Ohmiya et al., 1983; Holzhauser et al., 1990). In Fig. 12.14a the obtained heat 
flux densities are plotted against the hot surface temperature Ty (strand 
temperature). The cold surface temperature Tm (mold temperature) is given 
in Fig. 12.14b. Since the optical thickness of a thin gas layer is small, the total 
heat flux can be written as the sum of conductive and radiative components 
(Siegel and Howell, 1972): 


4—74.* 4 (12.32) 
which are independent of each other and are given as 


ado T. 
% = Faas um (12.33) 
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Figure 12.14 Heat transfer through gap filled with nitrogen-hydrogen gas 
(Holzhauser et al., 1990). 
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Using the expression 
ÀosN;-sH, = 5.90 x 10-4798 + 6.32 x 108718 Wm"! K^! (12.35) 


for the 95% N2—5% H3 layer investigated in the experiments of Fig. 12.14 
(Holzhauser et al., 1990), Equation 12.33 can be integrated to yield 


3.51 x 10-*(T155 — TA) +2.36 x 10-*(T95* — Tz) 
fs dos 
Hence, the total heat flux density is given by 


(12.36) 
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Pp 3.51 x 10-4(7)-* — T1*5) + 2.36 x 10-8 (73-8 — 7255) ^ o(Tà — T4) 


dyap G Fa 
(12.37) 


with all the Ts being in kelvin. Equation 12.37 has been found to be perfectly 
fulfilled by the measurements, yielding an average emissivity, defined as 
Ebim = 0.5(e5' + en)» of the copper and steel surface of & + m = 0.4. 

By comparing the data in Fig. 12.14 with those in Fig. 12.12 it is evident 
that the heat flux through a nitrogen ( + hydrogen) gap is low compared to that 
through a casting flux layer. Gap formation causes a high resistance to the heat 
transfer between strand and mold and decreases the cooling capacity of the 
continuous casting mold. 


12.4.1.3. Plant data on mold heat transfer 


The laboratory data on the unit heat transfer operations give insight into the 
different mechanisms operating in the mold and they are useful tools in 
optimization efforts. But the heat flux existing in reality must be measured on 
a life continuous casting mold. The main parameter influencing the heat 
withdrawal in the mold is the casting velocity, but there are several other 
factors: the taper of the mold, the type of the mold (straight, curved), the 
guidance system below the mold, the type of the lubricant, of course, the 
composition of the steel (e.g., carbon content), and the superheat. If the data 
are to be used in modeling work it is useful to present them in the form of 
analytical expressions. In this section an equation will be given for the heat 
flux density as a function of distance z from the meniscus and the casting 
velocity v. which resulted from an evaluation of literature data (Schwerdt- 
feger, 1988). 

In the mold the maximum of the heat flux density is normally close to the 
meniscus, that is, the heat flux density decreases downward. There can be 
small maxima and minima. Also, there may be an increase again at the lower 
end of the mold. If the gap between mold and strand is of uniform thickness, 
that is, if the conicity of the mold and the guidance of the strand below the 
mold are correct, the decrease of the heat flux density along the length of the 
mold is according to a smooth curve. Examples are shown in Fig. 12.15. To a 
good approximation, straight lines result in a half-logarithmic plot. Hence, g 
can be described by the exponential law 


q74q67 (12.38) 


The exponent 2, which results from the slope of the straight lines, is usually 
about 0.0015 mm ~'. Further, the data in Fig. 12.15 demonstrate that the heat 
flux increases with increasing casting velocity ve. This effect and the decrease 
down the mold are caused by the heat flow resistance of the solid steel shell. 
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Figure 12.15 Local heat flux density in continuous casting mold according to 
data in the literature (for original references see Schwerdtfeger, 1988). 
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Figure 12.16 Heat flux density at meniscus (extrapolated) as a function of 
casting rate (for original references see Schwerdtfeger, 1988). 


The shell thickness decreases with increasing strand velocity, at given 
distance z from the meniscus, owing to the shorter solidification time, and it 
increases, of course, at given casting velocity, v., with increasing distance z 
from the meniscus. 

In Fig. 12.16a the heat flux density g, at the meniscus (z = 0), obtained by 
extrapolation of straight line plots according to Fig. 12.15, is plotted against v. 
in log-log scale, From the normalized graph in Fig. 12.16b the relationship 


Qa = Avt (12.39) 
is deduced, with f = 0.6. Hence, for the mold heat flux density the simple 
equation 

q = Av)547000152 (12.40) 


results in which z is in mm. The quantity A is the heat flux density at the 
meniscus (z = 0) if ve = 1mmin~'. For slab casting A is in the order of 
200 W cm? (m min 7 !)-?5, 


12.4.3. Spray Cooling 


There are two main types of spray nozzles according to the shape of the wetted 
area; flat jet nozzles used in slab casting, and cone nozzles used in billet and 
bloom casting. The wetted area in the first type is in the form of a ‘rectangle’ 
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with rounded small sides, that in the second type in the form of a circle (full 
cone nozzle). There are also two types according to the discharge medium: the 
conventional nozzles for discharge of only water, and the nozzles for discharge 
of air-water mixtures (air mist nozzles). The water emerging from the nozzle 
disintegrates into a cloud of small droplets. The average droplet size may vary 
between 100 and 1000 um, with the air mist nozzles making smaller droplets. 
The water flux density impinging on the target (in the form of droplets) is 
more or less nonuniform over the sprayed area, depending on nozzle design. 
Its average value decreases with increasing distance between nozzle and target 
because the sprayed area becomes larger, and increases with the water 
pressure in the nozzle. 

In cooling with spray nozzles, the similar characteristic heat transfer- 
temperature curves are observed as in the cooling of hot bodies in stagnant 
(pool boiling cooling) and streaming water (flow boiling cooling). A typical 
surface heat flux versus temperature relationship is shown in Fig. 12.17, 
There is a maximum of heat flux density at low temperature, corresponding to 
the so-called burnout point in pool or flow cooling, and a critical temperature 
at which the range of stable film boiling commences, corresponding to the 
Leidenfrost temperature. The cooling characteristics of spray nozzles have 
been measured by numerous authors. The data are presented in various 
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Figure 12.17 Typical heat flux versus temperature relationship in water spray 
cooling (Mizikar, 1970). 
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forms: as the total heat flux density q,; as the heat flux density g, due to the 
effect of the spray, which is the total heat flux density g, minus that due to 
radiation q,; as a total heat transfer coefficient h,; and as a spray heat transfer 
coefficient A, . The heat transfer coefficients are usually related to the 
difference between the surface temperature To and the water temperature 
Ty; h = q[(To — Tw), and the radiative heat flux density is taken as 


& = to(T 


Note that in (12.41) the Ts must be taken in kelvin. The main factor con- 


trolling the heat transfer rate apart from 


flux density Vw. Since the water flux density varies locally on the target, the 


heat flux density (and heat transfer coeffi 


12.18 shows a typical example for the variation of h, with position on the 
target. Unfortunately, the local variation of. heat transfer rate has not been 
recognized by all authors; that is, measurements have been performed with 
rather large probe areas so that conditions were nonuniform over the area of 
the probe or it is unclear whether local values or averages over some area are 


reported. 
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Figure 12.18 Variation of heat transfer 
target (Reiners, 1987). 
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z1) (12.41) 


surface temperature Ty is the water 


cient) is also a local quantity. Figure 
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Figure 12.19 Heat flux density (without contribution of radiation) under 
spray nozzle as a function of water flux density (Mizikar, 1970; Müller and 
Jeschar, 1973; Hoogendorn and den Hond, 1974; Bolle and Moureau, 1979; Sasaki 
et al., 1979; Etienne and Mairy, 1979; Jacobi et al., 1984). 


The available data for the heat transfer coefficients or heat flux densities 
have been reviewed, and brought into common correlations by several authors 
(Brimacombe et al., 1980; Mitsutsuka, 1983; Schwerdtfeger, 1988). Figure 
12.19 shows a plot of the spray heat flux density versus the water flux density 
V^, yielding a correlation g, = 23.3V%65, Vy contains the effect of distance 
between nozzle and target; that is, changing the distance affects q, only via the 
changing value of Vw. 

Though V,, is the most important parameter controlling q, (apart from To), 
there are also effects of the velocity of the water at the nozzle exit and of the 
water temperature Tw. The water velocity vy, is related to the water pressure 
in the nozzle Ap according to vw ~ Ap'/?. Figure 12.20 shows data of different 
authors for the variation of q, with Ap! or with vw (Figs 12.20a and b). In Fig. 
12.20c the different data are brought together into one curve (Schwerdtfeger, 
1988) indicating that the influence of water velocity can be expressed as 
qs ~ v% The available data on the effect of water temperature are presented 
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Figure 12.20 Heat flux density under spray nozzle (without contribution of 
radiation) as a function of pressure at nozzle or of water velocity (Mizikar, 1970; 
Müller and Jeschar, 1973; Bolle and Moureau, 1979; Jacobi et al., 1984). 
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Figure 12.21 Influence of temperature of cooling water Tw, on heat flux 
density (without contribution of radiation) under spray nozzle. (a) Original 
literature data (Sasaki et al., 1979; Reiners, 1987); (b) Normalized heat flux 
versus difference of water temperature with respect to 20°C. 
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in Fig. 12.21 showing that the heat flux density g, decreases with increasing 
Ty, as might be expected. In Fig. 12.21b, 9,(Tw)/qs(Tw — 207C) is 
plotted against (T, — 20°C), yielding the relationship g, (T,)/g, 
(Ty = 20°C) = 1 — 0.009 (Tw — 20). Using vy = 15ms~! as a typical value 
in the relationship q, = 23.3V%;°° established in Fig. 12.19, and the functions 
between gs and vy, and between q, and Tw as deduced in Figs 12.20 and 12.21, 
the correlation for the heat flux density g, becomes 


9s = 8.55 VO v®7[1 — 0.009 (Tw — 20)] (12.42) 


with qs in Wcm~?, Vw in lm~*s~', vy inms~', T, in °C. The range of 


validity is Ty =900-1000°C, V, =0.1-501m™?s~', v, =1040ms"', 
Ty = 20-80°C, 


12.4.3, Determination of Boundary Conditions from 
Measurements of Strand Surface Temperatures 


In real continuous casting there can be regions on the strand surface close to 
the rolls which are not reached by the spray water; also there are the regions of 
backwater in front of the upper roll of a roll pair where the spray water is 
collected, and there is a zone of contact between strand and roll at each roll. 
The heat withdrawal in these regions cannot be predicted so well. For 
instance, the heat withdrawal in a contact zone depends on the contact area, 
which is generally unknown, Hence, although first computations of tempera- 
tures and shell thickness can be performed using the relationships given in 
section 12.4.2 (neglecting the other regions), for real on-line control such a 
procedure is not sufficiently accurate and the exact boundary conditions must 
be deduced from the surface temperature measurements performed at the 
specific casting machine. In this case overall heat transfer coefficients are 
allocated to each cooling zone with separate spray system. They can be 
expressed (Spitzer et al., 1992) as 


hi VE + (12.43a) 


or 


hi = aV? +b Vy +G (12.43b) 


with the index i referring to the cooling zone i. The parameters aj, bj, ¢ are 
then determined by minimizing the differences between measured 
computed temperatures with a least-squares method, to give optimum agree- 
ment with surface temperatures measured with pyrometers along the strand. 

The optimization procedure can be accelerated by using the inverse heat 
flow model in which the temperatures are input numbers and the heat transfer 
coefficients output numbers. 


ct 
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Figure 12.22 Model adjustment to measured surface temperatures along 
strand in secondary cooling zone (Spitzer et al., 1992). 


1050 
Li 
" 
v 
5 
T1 
a with adjusted parameters (b) 
= 
» 
5 
* 
a 
0 100 200 300 400 500 
time t , min 


Figure 12.23 Comparision of measured and calculated surface temperatures 
as a function of time. Position of first thermocouple in Fig. 12.22 (Spitzer et al., 
1992). 
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In Fig. 12.22 computed surface temperatures are compared to measured 
data which were obtained with six pyrometers positioned along a continuous 
casting machine. The curve in Fig. 12.22a is based on the boundary conditions 
according to the literature data, whereas that in Fig. 12.22b is obtained with 
the corrected boundary conditions. These results are for a typical steady-state 
casting condition. In Fig. 12.23 the temperature-time development is shown 
for a period in which casting speed and spray water densities were variable. 
Both Figs 12.22 and 12.23 indicate that the agreement between measured and 
computed temperatures has improved considerably and that a prediction of 
surface temperature is possible within less than + 20°C. 


12.5. SOLIDIFICATION RATE IN SPECIAL 
CONTINUOUS CASTING PROCESSES 


There has been worldwide activity to develop processes for near net shape 
casting for several years. The advantages of reducing the casting thickness are 
obvious. The investment cost involved in the hot strip rolling mill is decreased 
or may even be zero (if hot rolling becomes unnecessary) and the production 
cost is smaller. The schemes of the new casting processes for flat products and 
of the conventional casting/hot rolling route are given in Fig. 12.24. The new 
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Figure 12.24 Schematic description of several near net shape casting pro- 
cesses. 
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casting processes extend from thin slab casting, which is still close to the 
conventional slab casting, to thin strip casting (with thickness down to below 
1mm) using completely different technologies. In thin slab casting (Fig. 
12.24b), two concepts have reached industrial application: the ‘compact strip 
process’ (CSP) of SMS Schloemann Siemag and the ‘in-line strip production 
process’ (ISP) of Mannesmann Demag Hüttentechnik. The process for 
casting strip considered most frequently at present is the twin roll process 
(Fig. 12.24d), in which the liquid metal is fed between two rotating rolls. The 
steel strip made is typically around 3 mm thick and is directly cold rolled. An 
alternative process for producing strip is the single belt process in which the 
metal is cast on a moving belt cooled from below (Fig. 12.24c). Here, the 
Philosophy is that some hot rolling will always be necessary for most mass 
steel grades prior to cold rolling to obtain satisfactory material properties. 
Therefore, the strand is about 10mm thick, enabling in-line hot rolling with 
50-80% reduction. 


12.5.1. Solidification Rate in Thin Slab Casting with 
In-line Thickness Reduction 


In the ISP process operated at Arvedi in Italy (Fig. 12.24b), the liquid steel is 
fed into a mold with parallel walls having interior thickness of 60-70 mm. 
There is the special feature that directly below the mold the thickness of the 
strand is reduced to about 40mm in the so-called tong segment. The tong 
segment is 2m long and consists of a number of roll pairs with continuously 
decreasing gap. The thickness reduction makes the computation of the 
temperature field different from that for conventional slabs. It causes con- 
vective mass and heat flow in the x-direction, and alters the convective heat 
and mass flows in the casting direction (z-coordinate) which occur, in contrast 
to conventional continuous casting, with nonconstant velocity v, in the region 
of the mushy zone. The exact modeling is complex, involving the additional 
computation of the velocity fields of the liquid and solid phases and the 
corresponding solute transport (Eisermann and Schwerdtfeger, 1996). 
However, an approximate computation of temperature field and solidification 
rate is possible on the basis of Equation 12.1, taking the mushy zone to be a 
quasi-one-phase material with liquid and solid having the same velocities vy 
and v, (Spitzer and Schwerdtfeger, 1994). 

Figure 12.25 shows the tong zone schematically. The strand surfaces are 
moved horizontally toward the center line with velocity v; which is a function 
of the casting velocity v, and the angle a: 


Up = —v.sinx (12.44) 
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f s 2u-B f pds (12.48) 
z 
F where z4 is some distance from the meniscus, e.g., that of the driver, below the 
tong segment where v, = v.. 

Figure 12.26 shows some computed results (Spitzer and Schwerdtfeger, 
1994). The strand thickness in the mold is 60 mm and the various curves are 
for different values of total reduction (steps of 2 mm). Thickness reduction has 
a strong effect on the thermal behavior of the strand. The temperature drop is 
much faster below the tong segment, and the sump becomes less deep. 
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Figure 12.25 Schematic description of casting process with thickness reduc- 
tion of slab below mold. 
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The horizontal surface velocity vy continues into the interior of the strand : 5000 10000 15000 
according to a ‘constitutive’ equation distance z from meniscus, mm 
P L BAT. f) (12.45) 


in which the function (T, fı) is reasonably chosen. For instance, $ = fi, has 
been used which has the effect that the mushy zone is deformed with the 
deformation rate being proportional to the fraction liquid f. The integration 
of Equation 12.45 yields 


distance x from centerline, mm 


Ue = -B f oa (12.46) 
o 
and the constant B is determined from the condition v, = vy at x = 6. Hence, 
i (12.47) o 2000 4000 6000 
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Figure 12.26 Change in surface temperature and shell thickness due to in-line 


The z-component of the velocity follows from the continuity equation and is c 
thickness reduction in a slab casting process (Spitzer and Schwerdtfeger, 1994). 


given as 
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12.5.2. Productivity of Strip Casting Processes 


'The productivity of a casting process is primarily determined by the 
solidification time of the solidifying body, which is equal to the minimum 
residence time of the material in the caster. It is very important, when a new 
casting process is designed, to consider the possible productivity right at the 
beginning. It is obvious that a new casting process for mass steel grades should 
have, at least, the same productivity as the conventional process. This means 
that taking the casting rate of a 250 mm thick slab to be 1 m min ^! the casting 
speed of a twin roll caster producing 3 mm thick strip of the same width must 
be 83.3m min" !. If this condition cannot be fulfilled, for instance, if only 
42m min! are possible, two casters are needed instead of one, which is not 
practical and will increase the cost of the process. In principle, the casting 
speed of the twin roll process can be raised, at required strip thickness, by 
increasing the length of the cooling surface, that is, by increasing the 
diameters of the rolls. But too large roll diameters are not very practical either. 

In this section, productivity aspects of the new strip casting processes will 
be discussed. The relationship between roll diameter of a twin roll caster, strip 
thickness, and casting speed can be deduced quite easily from the known data 
on the rate of solidification. Figure 12.27 shows the shell thickness x, as a 
function of time for type 304 stainless steel. The empirical equation 


x, = 2,33/0575 (12.49) 


with x, in mm and z in seconds, can be used to represent the data over a wide 
range from x, = 0.2mm to 5 mm. The total time of solidification te of a strip of 
thickness d can be obtained from 12.49 as 


d \ 10575 
k= ss) (12.50) 


The required active cooling length L of the rolls is related to te and the casting 


velocity v, by L = v. te. Hence, the relationship between active cooling length, 
velocity, and strand thickness becomes 


d 1/0.575 c^ 
= — =0. d 12.51 
L e(z) 0.001 147v.d ( ) 
where L is in m, v, in mmin^ ' and d in mm. 

If the active roll surface is that corresponding to a roll sector of 60° (starting 
the degree count at the ‘kissing point’ where the rolls are nearest) and the 
solidification ends at the kissing point, the length is L = xD/6, where D is the 
roll diameter. Hence, from (12.51) it follows that 


D = 0.00219 v, d^? (12.52) 
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Figure 12.27 Data on shell growth (stainless steel) in twin roll process (for 
original references see Spitzer and Schwerdtfeger, 1995). 


(D in m, v, in mmin™', d in mm). The linear velocity v, can be expressed in 
terms of revolutions per min, n = v,/(mD). Hence, for the rotational frequency 
nit follows that 


n = 145d- ^7» (12.53) 


It is noted that n is independent of the roll diameter D. 

Equation 12.52 is illustrated graphically in Fig. 12.28. The velocity v, is a 
second variable and a set of curves (straight lines with slope 1.739) is given for 
Ve values between 25 and 400 m min '. If a productivity is prescribed, the 
velocity is not free at given strand thickness, which has already been stated. 
Constant throughput of material through the caster is achieved if P = dv, is 
constant at the same width of the strand. Replacing v. by P/d in Equation 
12.51 yields 


D = 0.00219 P d^? (12.54) 
with P in mmmmin ^. Hence, the D-d relationship for P=const repres- 


ents another series of straight lines in the log-log plot of Fig. 12.28 with 
slope 0.739. Two such lines are drawn for P=250 (productivity A) and 
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Figure 12.28 Relationship between strip thickness, roll diameter, and casting 
velocity in twin roll process; stainless steel (Spitzer and Schwerdtfeger, 1995). 


500 mmm min ^! (productivity B), corresponding to conventional continuous 
casting of 250 mm thick slabs with 1 mmin~' and 2m min ^, respectively. 
The roll diameter and rotational speed for casting of strip with given 
thickness can readily be read from the diagram or computed from (12.52) 
and (12.53), respectively. For instance, a strip with 3 mm thickness requires a 
roll diameter of 1.23 m at productivity A and 2.47 m at productivity B, a 
thicker strip of 8 mm a roll diameter of 2.55 m at productivity A and of 5.09m 
at productivity B. The rotational speed of the rolls is 21.5 revmin ~ for the 
3mm strip and 3.9 rev min ~' for the 8mm strip. The productivity Ais typical 
for present-day stainless steel production with conventional continuous 
casting, and the roll diameter for 3mm thick strip is in the range of diameters 
already used in twin roll casting of stainless steel. Mass steel grades are cast in 
modern steel plants with higher productivity than A. For certain steel grades, 
high-speed casting is performed with productivity B. Probably the strip must 
be thicker than 3mm because some hot rolling is required. The rotational 
speed decreases with increasing strip thickness, which is favorable, but the 
required roll diameter will increase to several meters. It may be concluded 
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Figure 12.29 Temperature fields in the casting of steel strip of grade ST37 
(0.17% C) with the single belt process (Schwerdtfeger et al., 1990). (a) Tempera- 
ture field in the strand of 10mm thickness. (b) Temperature field in the belt of 
1.5 mm thickness. 


that high-speed mass steel production seems hardly to be possible with the 
twin roll process. 

In the single belt process (Fig. 12.24c), the cooling surface is horizontal and 
there are no restrictions, in principle, concerning cooling length. But in this 
process the total solidification time 7, is larger than in the twin-roll process at 
the same strip thickness, owing to the slower heat withdrawal at the upper 
strand surface, and consequently the required cooling length is larger. Figure 
12.29 shows the computed temperature field in the strip and in the belt 
(Schwerdtfeger et al., 1990). The abscissa is time r. The distance z from the 
feeding nozzle is related to t by z = v, t. The thickness of the strand is 10mm 
and the steel grade is ST37 (0.17%C). Owing to the different cooling at the 
bottom and top surface the temperature field is nonsymmetrical with respect 
to the center line of the strand. The solidification ends (for these conditions) at 
1, = 14.38. Figure 12.30 represents the results of productivity computations 
Corresponding to those in Fig. 12.28 for the twin roll process. The relationship 
used between strand thickness and total solidification time (for steel ST37) is 
shown in Fig. 12.30a. The metallurgical length L (— cooling length on belt to 
end of solidification) of the machine given by L = vte = Pt,/d is presented in 
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Figure 12.30 Solidification of steel grade ST37 (0.17% C) in the single belt 
process. (a) Relationship between strand thickness and solidification time. 
(b) Metallurgical length as a function of strand thickness for two selected 
productivities (Schwerdtfeger et al., 1990). 


metallurgical length L , m 
z 


Fig. 12.30b as a function of strand thickness d for the two productivities A and 
B. 


12.6. CONCLUDING REMARKS 


The solidification rate of metallic materials has been treated. Fundamentals 
were given in the first two sections, and the rest of the chapter focused on the 
continuous casting of steel. The various factors determining the withdrawal of 
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heat in the mold and in the secondary cooling zone were discussed, and it was 
shown that the art of thermal tracking of the continuous casting processes has 
advanced to such a state that on-line temperature predictions are possible 
within a few degrees. Consideration was also given to modern near net shape 
casting processes. In-line reduction has a strong influence on solidification 
rate and temperature, and its effect on the mass and heat transport must be 
included in the theoretical modeling. In the last section of the chapter, data on 
the solidification rate were used to assess the productivity of the twin roll and 
single belt processes. It was intended to show how important heat flow 
considerations are in the design of new casting processes. 

There are many other aspects of solidification apart from the heat flow point 
of view. The important domain of the physicochemical phenomena producing 
the material properties, such as microsegregation, dendrite morphology, and 
macrosegregation are highlighted by Flemings in another chapter of this 
book. 


SYMBOLS USED 


D roll diameter of twin roll Cp. heat capacity 
caster d strip (strand) thickness 
L cooling length, metallurgical dy thickness of casting flux | 
length layer || 
H enthalpy dgap thickness of gas gap | 
Hu, Hs enthalpy of liquid and solid dm thickness of mold wall 
phases fi»fs liquid and solid fractions 
AH, heat of fusion Gr + fs = 1) 
ros temperature h heat transfer coefficient 
Te melting point of pure metal k partition coefficient | 
Ty, Ts liquidus and solidus (= csla) | 
temperatures p dimensionless time 
Bi Biot number Pe dimensionless total 
Ph phase conversion number solidification time 
S dimensionless shell q heat flux density (always 
thickness taken to be positive) 
U dimensionless temperature x coordinate in thickness 
b half-thickness of slab direction of plate (slab), 
co total mass content of distance from surface or 


alloying element 

Cp,Cs mass contents of alloying 
element in liquid and solid 
phases 


distance from center plane 
coordinate in longitudinal 
direction of strand, distance 
from meniscus 
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Xs thickness of solid shell, p density 
coordinate of solidus c Stefan-Boltzmann constant 
contour (= 5.669 x 10? 
XL coordinate of liquidus Wcom^?K-* 
contour n rate constant in Neumann's 
s dimensionless x-coordinate solution 
t time 
te total solidification time of Subscripts on T, U, q, h 
plate (strand, strip) o surface of slab (strand) 
Vy) Vz velocity components idi mold 
Ve casting velocity, velocity of — reference temperature, e.g., 
solidified strand in z- water temperature 
direction ë meniscus (z = 0) 
& emissivity - radiation 
a thermal conductivity s conduction 
K thermal diffusivity ^ spray 
(= Al (cp p) t total 
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